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1. Introduction

For more than a decade, Image Stabilization (IS) technology has been considered essential
to delivering improved image quality in professional cameras. More recently, as a result of
advancing technology, IS has become increasingly popular to handheld device makers who want
to propose high-end features for their products. So, manufacturers like ST have worked hard on
its technologies and methods for image stabilization to significantly improve camera shutter
speed and to offer precise suppression of camera vibration.

Today, from the technologic point of view, Digital Image Stabilization (DIS), Electronics Image
Stabilization (EIS) and Optical Image Stabilization (OIS) are the best understood and the easiest
to integrate in digital still cameras and smartphones, though they can produce different image-
quality results: in fact, DIS and EIS require large memory and computational resources on the
hosting devices, while OIS acts directly on the lens position itself and minimizes memory and
computation demands on from the host. As an electro-mechanical method, lens stabilization
(optical unit) is the most effective method for removing blurring effects from involuntary hand
motion or shaking of the camera.

This paper hosts a technical explanation on the main aspects of Optical Image Stabilization
and the actuator technologies and the solutions commonly available in the market. A brief
description of the system solution will highlight the main parts and relative considerations on how
to design the control algorithm to move the lens precisely. Finally, the last paragraph will also
take into account the results obtained from tests carried out on a commercial camera retrofitted
with OIS, to verify the performance evaluation method.

2. The spread of OIS in the market of recent years

Early on Image Stabilization was an unusual feature in traditional professional cameras and it
became more common with the arrival of digital still camera (DSC) on the market. These devices
have taken over the digital imaging system market and contributed to drive technological
innovation in photography.

Then, in 2010, the mobile revolution started and the use of smartphones exploded. The
technological evolution encouraged the major phone makers to propose innovative solutions in
hardware design that allowed the integration of miniaturized photographic modules in mobile
phones to take pictures with camera-like resolution. This revolution has led to the decline of
compact DSCs (Figure 1), deposed by camera-equipped phones (Figure 2). Image Stabilization
was a key feature, joining display dimension, Near Field Communication (NFC), the Wireless
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Charging and Finger print security options, in contributing to the success of smartphones and
enabling the segmentation of high-end models to low cost ones.

From a marketing perspective, according to an IC Insights report [1], sales of stand-alone
digital cameras are projected to decline at an annual average rate of -10.5% in the forecast
period 2012-2017, while revenues for cellphone-camera integrated circuits are expected to rise

by an annual rate of 9.0% in the same period.
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Figure 1 : Rise and Fall of Digital Still Cameras -

Source: IC Insights.
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As a result of the introduction of these and other innovations, the smartphone market has
seen remarkable growth and it is estimated that shipments will exceed 1 billion units in 2014 for
the first time.

3. OIS: features and benefits

The DSC market has moved towards smaller sizes, lower weight and higher resolutions,
much as mobile camera modules have followed the same trend after their introduction in
smartphones and handsets. A big drawback to this development has been the impact of blurring,
caused by involuntary motions, on image quality. In fact, lighter cameras produce greater
blurring. In addition, the introduction of larger LCD displays has encouraged users to take
pictures with outstretched arms, further increasing blurring.

The introduction of Image Stabilization in several mobile platforms has been a significant
added value for photography lovers and especially for younger users, who replaced their
traditional and bulky cameras with brand-new smartphones—or had cameras available to record
memories simply because those cameras were embedded in the mobile platform they were
already carrying. Image Stabilization in smartphones enables pictures and video with quality
comparable to digital still cameras in so many operating conditions. As a consequence, the
request for Image Stabilization is increasing both in compact DSCs and in smartphones.

Picture blurring caused by hand jitter, a biological phenomenon occurring at a frequency
below 20Hz (see Section 4.1), is even more evident in higher resolution cameras. In fact in
smaller resolution cameras the blurring may not exceeds one pixel, which is negligible; but in
higher resolution ones it may impact many pixels, thus degrading image quality significantly (see
Figure 3).

Optical Image Stabilization technology is an effective solution for minimizing the effects of
involuntary camera shake or vibration. It senses the vibration on the hosting system and
compensates for these camera movements to reduce hand-jitter effects. So, OIS captures sharp
pictures at shutter speeds three, four, or five times slower than otherwise possible.
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Figure 3 : OIS OFF (a) vs. OIS ON (b) in 5Mpixel ca mera.
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The increase of the shutter opening time permits more brilliant and clear pictures in indoor or
low-light conditions. The time during which the shutter remains open, regulates the amount of
light captured by the image sensor. Of course, the longer the exposure time, the greater the
potential for hand shaking to cause blurring.

In the case of smartphones cameras, because of their small lens apertures and the material
used to make unbreakable lenses, the amount of light that can enter and strike the image sensor
is significantly less than that of a DSC. This requires a higher exposure time, with the obvious
drawback of increasing the effect due to shaking hands.

(@) (b)

Figure 4: OIS OFF (a) vs. OIS ON (b) in outdoor nig ht picture.

Besides the optical requirements, two main challenges in the development of OIS in
smartphones are size and cost. The additional hardware required to implement OIS (see Section
5 on camera-module technology), increases the total cost of camera, and increases the camera’s
size. This runs counter to the constant market demand for smaller and thinner devices.

4. OIS: the working principle and the specification

In contrast to DIS, OIS doesn’t require post-processing algorithms on the captured frames [2].
OIS controls the optical path between the target and the image sensor by moving mechanical
parts of the camera itself: so, even if the camera shakes, the OIS ensures that light arriving to the
image sensor does not change trajectory, since we can assume any pixel color-value is the
composition of a single cone of light.

The basic principle underlying OIS is simplified in Figure 5, where the movement effects are
amplified and represented on a single axis, for the sake of clarity. Let's suppose we take a
picture of a non-moving object in which the shutter remains open for a time interval equal to At; if
no compensation occurs (Figure 5a), the involuntary rotation of the camera generates a
distribution of the light cone, over a single pixel, splattered on a segment indicated in Figure 5a
by A-B. Clearly, this phenomenon occurs across the whole image sensor, causing a blurred
image.

Otherwise, when optical stabilization occurs (Figure 5b), the lens moves opposite to the
direction of the camera shake and the image results to be stabilized (i.e. the subject acquired in
t1 coincides with image acquired in to).
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Figure 5: OIS compensation.

As stated above, the hand movements indicated in Figure 5 were simplified to explain the
compensating effect of the lens movements on the picture. In reality, hand tremors affect two
axis (as depicted in Figure 6), where the light cone generated by a single white LED is distributed

in the two dimensional space of the image sensor [3].

Figure 6: Pictures captured at different shutter sp
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This clearly demonstrates that the interval time At= t;- to captures more than a single rotation.
In fact, the curves in Figure 6 are the convolution of the LED light distribution. Comparing these
curves with segment A-B in Figure 5a makes clear hand tremor is not a predictive effect.

Finally, we need to make clear that OIS can stabilize image blur due to photographer hand
trembling, but it cannot compensate for blur caused by scene motion (Figure 7).

Figure 7: Blur due to scene motion.

4.1. Physiological tremor define the OIS specificat  ion

While the tremor is not a pathology, it is a common physiological phenomenon present in all
humans. It's an involuntary oscillatory movement of body parts directly generated by muscles
during their activities when they contract and relax repetitively [4].

From its nature, the physiological tremor is not so clearly visible to the naked eye and is
independent of age though it may depend on the capability of the body muscles to maintain a
position against the force of gravity. For example, standing up and holding a camera with
outstretched arms definitely produces physiological tremor in arm muscles. The consequences of
this phenomenon are visible as the blurring effect in pictures: this effect is what OIS aims to
reduce.

Also, for the tremor, as for many physical phenomena, statistical modeling has played an
important role in understanding and identification of its characteristics.

An acquisition campaign has been conducted, over a representative population, to measure
the handshake, identifying the spectrum characteristics and defining OIS specifications in
amplitude and frequency.

As results of the campaign, vibration has been identified as an oscillating signal with:
- An amplitude typically less than 0.5 degrees;
- A frequency compatible with the vital signs of humans, with a spectrum in the range 0
— 20 Hz.
The relevant results of the identification test on the tremor as a signal are graphically shown
in Figure 8.
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Figure 8: Mean (blue) and +3 o (green) bound on hand tremor spectra: a) angular r  ates measured on X and Y
axis; b) angles measured on both axes

5. OIS camera-module technology

As described above, the technology used to build the camera module is a fundamental factor
for OIS implementation. They increase the complexity of the camera modules, which introduces
new fixed and moving items, increases its dimensions and cost. OIS contains actuators that are
able to move the lens, and sensors, that allow following the position.

The technology characterizes OIS-enabled modules both for the driving method and for
position data sensors, greatly influencing the performance of the OIS system.

The actuator for mobile phone cameras may be built in different technologies as adaptive
liquid lens (LL) [5], shape memory alloy (SMA), or a piezo-electric motor. Today, the most
widespread actuators are based on the Voice Coil Motor (VCM).

Voice coil actuation exploits the interaction between a current-carrying coil winding and the
field generated by a permanent magnet; the coil and the magnet, one in front of the other, are
attached to two sides of the camera-module housing can. When a current is applied to the coil
the interaction between the fixed and electrically-generated magnetic fields by the coil generates
a force that enables the camera body to move by a distance directly proportional to the current
applied.

Actually, in smartphones camera modules, the lens isn’t always the moving part.

Depending on the architecture used to build the camera modules [6], there are two main
methods for OIS compensation taking its name from the mechanical structures (Figure 9) [7] [8]:

» Barrel Shift (also called Lens Shift) where the image sensor is fixed to the bottom of
the camera case and the lenses move with a translational movement (Figure 9b);
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e Camera Tilt where the image sensor is integrated in the same body with the lenses,
and both move angularly to compensate for involuntary shaking (Figure 9c).
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Figure 9: Camera module architecture: Lens shift (b ) vs. camerat tilt (c).

Another important constructive aspect of the camera module is represented by the
position sensors, which are fundamental to detecting the lens movements. These sensors can be
placed inside the module in either of two approaches to retrieve the position information (Figure
10):

» using Hall sensors, an approach mainly suitable for Barrel-Shift architecture;
» using photo sensors, appropriate for the Camera-Tilt architecture.
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Figure 10: Camera module equipped with Hall sensors (a) and photo-sensor (b).

As previously stated, the dimensions of an OIS camera module depends on its structure
and its technology, and may be slightly more bulky when compared with those of fixed-lens
camera modules. On the other hand, the integration in smartphones or handsets forces
designers to reduce the size of the entire OIS system (camera module + electronics), which
should cover an area approximately equal size to 100mm?2. A common trick usually used for
integrating the OIS system and saving space in smartphone platforms, is to place both the
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camera module and the OIS circuitry on the same flexible PCB, and then to fold it to arrange the
devices alongside the camera module (Figure 11).
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Figure 11: OIS Camera module and system in differen  t views.

Another important consideration related to the placement of the OIS system in the mobile is
the identification of the reference system that defines the orientation of movements of the entire
platform: this reference is determined by the gyroscope.

The gyroscope is suited to measure the hand jitter better than the accelerometer because the
blur effect caused by linear translations of camera is negligible in comparison with that caused by
the component of angular rotation: this means that human jitter can best be measured by
observing angular displacements.

The gyro measures angular rates along its reference axes; these angular movements along
axes are known as pitch, yaw and roll. Referring to Figure 12, roll refers to the rotations around
the longitudinal axis (Z), pitch to rotational movements about the lateral axis (X), and yaw to
rotations around the vertical axis (Y). If the gyroscope is integral to the camera module, it detects
and measures the same movements of the camera (Figure 12 and Figure 13).

Figure 12: OIS Camera module and system with emphas is on its axes of rotation.

Figure 13 shows how the gyroscope reference system becomes the reference system of the
entire platform after the placement of the OIS system inside the mobile platform.
9
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Figure 13: Axes of motion in a smartphone, where ro Il is the rotation around the axis perpendicular to the
image sensor plane.

The module architectures described so far are capable of correcting the effects of camera
shaking in two dimensions, pitch and yaw: in these two presented topologies it's not possible to
compensate for any roll motion because no translation or rotation of the lens along the axis
perpendicular to the image sensor can contribute to correct it. An action able to compensate for
roll can be made by the image sensor itself only if it is able to move freely inside the camera
module.

Although the camera-tilt architecture guarantees higher performance, its construction
complexity has limited its adoption in commercial camera modules. Therefore, from this point, we
will refer to a generic VCM-based Barrel-Shift architecture, built using Hall Sensors to manage
the Lens-Shift compensation.

6. OIS Architecture description

The electronic circuitry implementing the optical image stabilization, partially described in the
previous Section 5, is composed by four main components:

a) A Gyroscope, able to sense the movements or the vibrations inflicted on the system;

b) Hall Sensors, able to sense the lens movements, from within the camera module (as
depicted in Figure 10a).

c) A Driver that performs two functions: it pilots the camera module into the right
position, as calculated by a control algorithm, while, on the other hand, it retrieves the
information on the camera-module position from the Hall sensors mounted inside it;

10
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d) A Microcontroller that executes the control algorithm to correct for camera
displacements.
This architecture has a notable benefit: it permits a system to operate independent of the
hosting mobile platform, which autonomously compensates the camera module, thus performing
ols.

The block diagram of the control loop [9] [10] is shown in Figure 14 (the orientation refers to
the system in Figure 13).

9 eXerr _Ayi
Gyro I ) Controller X AX|§ VeM
Yaw + Driver
wyaw -
eHSx
X-Axis
Hall Sensor
Bpitch
Gyro i r\e Yerr Y-Axis VCM
i Controller -
Pitch + Driver
0. =
pitch
e HSy
Y-Axis
Hall Sensor
Figure 14: OIS Control-Loop block diagram, where “ Byaw” and “ Bpitch” respectively indicate yaw and pitch

angles.

According to the Control-Loop block diagram (Figure 14), the angular rates detected by the
gyroscope along two main axes (pitch and yaw) are integrated to achieve the relative angular
displacements. The current position of the camera module is achieved through its Hall sensors,
since these are compared to retrieve the error angle which is elaborated by the control algorithm
of the on-board microcontroller to set the VCM actuators’ new positions. So the driver moves the
camera in order to compensate for the involuntary jitter. The control algorithm should also
manage the pre-processing of the acquired signals and the Hall sensors calibration compensate
for the temperature drift.

The camera module makers invest a lot of effort to design modules where there is no cross-
correlation between the axis movements. In other words, the VCM actuator along the X axis
shouldn’t generate movements on the Y axis, and vice versa. The correct placement of the Hall
Sensors is equally important, since they have to detect only the movement along the single axis
where they are mounted. In case there is cross-correlation on the axes’ movements, the control
algorithm must take this into account and introduce another input in the single-axis controller
related to the reading of the other axis’ Hall sensor.

6.1. Gyroscope

As stated, the gyroscope is the most important element in the control chain because it is the
reference used to retrieve the information on angular displacement. Both the electrical and
mechanical characteristics [13] of the gyro should mark out the control synthesis strategy and, in

11
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general, the overall OIS performance; for example, gyroscope accuracy is a key feature that
defines the performance of the entire system; it is fundamental for controlling precision.

Other influential factors in the choice of a gyroscope for OIS are:

— phase delay: must be reduced to the minimum to avoid inserting a delay in control-
loop timing;

— zero-rate offset: must be near zero in order to reduce the integration error;

— output data rate: must be higher than double the frequency of the system to be
controlled (oversampling);

— measurement range: up to £250dps must be guaranteed,;

— rate noise density: this parameter must be very low to maximize the signal accuracy;

— power consumption: must be extremely low both in normal mode and stand-by mode
to suit a mobile application.

The gyroscope can be directly integrated inside the housing can of the camera module: this
guarantee the most faithful reference for detecting the same displacements applied on the
camera module. For this reason, one of the most important considerations of a gyroscope
suitable for OIS is its form factor, which must allow to be easily integrated in the thinnest camera
modules.

Finally, it's critical that the gyroscope uses a robust and quick communication peripheral to
send angular data to the application processor, avoiding inserting noise or further delay in the
control-loop execution timing. For this reason, an SPI peripheral is preferable to an 12C one for
transferring data up to 6Mbit/sec to the MCU block.

6.2. Voice Coil Motor Driver and Hall Sensors posit  ion acquisition

Specific drivers are usually used for piloting lens movement of the VCM camera module and
acquiring its relative positions thought the Hall sensors embedded in the camera. These mixed-
signal devices may be divided in two stages, usually integrated in a unique IC: the driving stage
and the acquiring one. The former houses two full H-bridges (one per axis) and two Digital-to-
Analog Converters (DACs), suitable for driving the VCM actuators (i.e. assimilating to an
inductance) of the camera module and producing a displacement of the lens. The latter is
equipped with two Analog-to-Digital Converters (ADCs) able to read the Hall sensors on its own
to retrieve the lens’ exact position.

On the driving stage, two operational modes are designed for driving VCM-based camera
module in the most accurate and efficient way:

a. PWM-mode driving;
b. Linear-mode driving.

Depending on the camera-module technology, the two modes contribute in different ways to
the performances of an OIS system; in fact the first mode aims to manage the power efficiency,
while the second one is reduces the noise of the driven part. Concerning the first mode, the
selection of the PWM operative frequency is fundamental. In fact, when the PWM frequency is in
the range of audio frequencies, the mechanical parts of the camera module emit an audible
whistle. Obviously, this aspect can be easily overtaken if the second driving mode is chosen,
although the power contribution of this driving method could have a greater impact on the power
consumption quotes.

Another important feature characterizing the driving stage is anti-ringing compensation. On
the camera module, the lens is directly connected to a mechanical support anchored by springs

to the fixed chassis. These springs may cause mechanical oscillation when the VCM actuators
12
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operate and may be read by the Hall sensor as a dampened ringing signal. The anti-ringing
compensation reduces the settling time for every lens position adjustment and avoids any
oscillation on the sudden changes of position (Figure 15).
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Figure 15: Anti-ringing compensation: simulation of different modes.

The acquisition stage is equally important in terms of accuracy, since it manages the data
acquired from the Hall sensors and provides the position of the camera module lens. Obviously
the Hall sensors must be accurate in detecting the slightest movement of the lens.

For the same reasons described for the gyroscope, the driver must be equipped with an SPI
peripheral to be aligned with the common communication protocol of the other main blocks of the
OIS system.

6.3. Microcontroller

The microcontroller (MCU) operates independently as the application processor cyclically
executes several operations that constitute the routine of the firmware application:

— it manages the communication with the two devices (gyroscope and driver), for
retrieving their data;
— it prepares and elaborates all the incoming information to adapt to the same
measurement unit;
— it executes the main algorithm for controlling the entire system;
- it tells the driver the new reference condition to be actuated on the camera module.
All these operations, that constitute the main tasks of the control algorithm, impose two
important technical requirements on the MCU: computational power and communication
capabilities.

On the first requirement, the data must be conditioned before being processed by the control
function. The MCU has to execute the routine in the fastest time possible, while managing 32-bit
floating-point variables, if necessary. On the other hand, higher computing capacity capable of
handling floating point may be too expensive for the application, so a 32-bit ARM® Cortex™-

13
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based MCU could be a good choice: this technology also offers other characteristics that fit
perfectly with OIS requirements, like small silicon area, low power consumption and minimal
code footprint.

From the communication point of view, the MCU has to guarantee a stable link with the gyro
and driver as normal operation, but another communication channel with the mobile baseband is
also conceivable. So, in addition to the SPI peripherals necessary to ensure communication with
the gyro and the driver as described above, an additional serial peripheral, also supporting a
specific communication protocol, may be used to enable communication with the mobile
baseband.

6.4. Control Algorithm

The control algorithm links all the hardware blocks described so far, with the control law used
to manage the entire OIS system.

Stage 1: Stage 2: Stage 3:
Data acquisition P Post-filter — Controller
and filtering data integration deployment
A A
[ |
VCM
Driver
Camera
Module
Driver 2
Filtering
stage Hall
- sensors
| on MCU | to angle
. . HW level
! ! FW level

Figure 16: OIS platform: FW block scheme

Referring to Figure 16, the firmware structure may be divided in three stages representing the
main tasks the system must perform to successfully run the OIS application [10]:

1. Data acquisition and filtering;
2. Post-filter gyro data integration;
3. Controller deployment;

In the first stage, angular rate data are acquired by the gyroscope and the lens position is
obtained by the driver through the Hall sensors; the angular rate data are first filtered to reduce
offset drift contribution. Then, in the second stage, the filtered angular rate data are integrated,
obtaining the relative angular displacement caused by jitter [15]. Finally, the OIS control function
processes the angular displacement and the camera-module position data, elaborating the new
set-point: this value is assigned to the driver (VCM actuators) to compensate for the jitter effect.

The execution time of these operations is a key-feature of the control algorithm. It depends
not only on the MCU, gyroscope and driver capabilities, but also on the response time of the
camera module. This imposes one of the most essential requirements of the OIS application: the

14



Optical Image Stabilization (OIS) — White Paper

control-loop operative frequency. An effective control loop should operate with a frequency in the
500Hz to 5kHz range: this guarantees effective driving of the camera module having a standard
resonance frequency around 100Hz.

To guarantee the maximum precision of the controller and reduce to the minimum the error
propagation, it's essential that each data measurement and its relative elaborations are executed
with the highest level of accuracy.

The angular displacement is calculated on the MCU by the following Euler integration
formula:

Ogyro(t1) = BOgyro + At * gy,  Where  At=(t; — ty)

Each error related either to the angular rate wg,, measured by gyroscope, or to the time

interval At measured by the MCU, may degrade the accuracy of the controller. These effects
should be properly compensated to increase reliability of the whole OIS system.

6.5. OIS system characteristics
The most important specifications that define the OIS system are:

a) the accuracy of the controlled actuation (i.e. driver);
b) the controller resolution and the loop frequency;
c) the precision of the sensing part (i.e. gyroscope);

Every single piece must fit the specifications prescribed by the application to contribute to the
perfect operation of the system. To explain how all the features of the individual blocks can
define and affect OIS performance, let's manage a camera module with 8MPxI CMOS sensor,
where each pixel is around 1.5um, and able to move up to £ 200pum along its axes X and Y in a
barrel-shift mechanical topology.

The pixel size provides a first level indication for the controller definition. Indeed, to guarantee
excellent precision, control accuracy equal to at least one tenth of a pixel (0.15um) is the target;
this represents the smallest shift that the controller should be able to correct.

Starting from this data, we can define the resolution of the controlled actuation (i.e. driver
resolution).

As stated in Section 4.1, the amplitude of human tremor is less than 0.5deg, so 1deg allows
good compensation to suppress jitter. For this, it's necessary to move the camera module with a
stroke of £100um to obtain a shift of £1deg. It's easy to define the resolution of the driving control
as:

total displacement  200um

Resol.ppy = = 1300 points

minimum shift ~ 0.15um

This result means that the driver must have 11-bit resolution (i.e. 211 = 2048 points), at
least, to move the camera module along its range with a precision of 0.15um.

15
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It's also easy to retrieve the minimum compensation angle managed by the driver. In mobile
camera modules where the focal distances are tiny, it's possible to approximate the linear shift to
its relative angular shift according to the expression:

sin(a)

Figure 17: Camera module sketch-up: approximation f rom angle displacement to linear shift.

This yields:
apry = sin(a) = 0.15urad = 8.6udeg

A value which represents the minimum correction angle that the controller (and so the driver)
should manage to ensure precision of one tenth of a pixel (0.15um for this example).

On the other hand, before correcting jitter with that precision, the sensing part should have an
accuracy that permits it to reach this kind of performance: for this reason, the minimum
measurable angle is critical to complete the description of the performance.

Finally, gyroscope sensitivity is one of the most important factors for an angular sensor that
represents the relationship between 1LSb and the angular rate expressed in milli-degrees per
second (mdps); for a common OIS gyroscope, this characteristic is about 250LSb/dps, which
means each 1 LSb represents 4 mdps.

If we establish a control frequency at 2kHz (i.e. control loop period At, = 0.5ms), and execute
the integration of the angular rate for each control period — considering the measurement noise
as negligible—it's possible to calculate the minimum measured angle as:

Ocyro = w * At = 4mdps * 0.5ms = 2udeg

This result fully satisfies the minimum angle that the driver needs to manage to have a
precision of one tenth of a pixel as described before [18].

7. OIS performance evaluation

To evaluate OIS performance, the same methods for the lens-performance appraisal in DSCs
can be used since they are based on an estimate on the image taken. Yet, evaluation of camera
performance is based on a comparison between the target and an image, while two images of
the target are taken with OIS OFF and OIS ON to compare.

One of the most widely used among methods for lens performance evaluation is based on
the Modulation Transfer Function (MTF) [19] [20], also known as Spatial Frequency Response
(SFR), which takes into account both the resolution and the contrast of the image. It measures
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how accurately the lens reproduces (or transfers) the details of the object to the image produced
by the lens.

In image stabilization, it's essential to estimate the difference between the stabilized image
and the unstabilized one. Image sharpness is the fundamental quality factor for defining OIS
performance because it shows how much OIS reduces image blurring.

To better explain how the MTF is measured, it's useful to describe the factors that
characterize perceived sharpness, taking into consideration the black and white bands (called
Pattern) shown in Figures 18 and 19, where black is represented as 0 and white as 255.

Perceived sharpness is a mixture of two characteristics:

— Acutance: defines the slope of transitions at the borders (Figure 18). It's high when
the image is represented by clearly defined borders.

— Resolution: defines the ability to distinguish the details between closely spaced
elements (as the black and white lines in Figure 19).

Acutance High Acutance Low

250
200
150
100
50}---
0

o R T

Figure 18: Acutance: high acutance results in sharp transitions, i.e. defined borders.

Resolution High Resolution Low

200- 200¢ n
100~ 100+ :

0-

Figure 19: Resolution: black and white stripes of t he target fade into gray in case of low resolution.

If an OIS system equipped with a camera module with high quality lens that is capable of
minimizing the optical distortion of the captured image, the resolution is closely connected to the
choice of the CMOS sensor whereas the acutance depends on the suppression rate that the
controller applies on the jitter effect. So, the acutance is the main characteristic of sharpness
which can be directly managed with the control. For OIS evaluation analysis, MTF is mainly
related to the acutance estimation.

The MTF could be defined as the ratio between the relative image contrast and the relative
object contrast; by convention the MTF is expressed as a percentage. For describing the MTF
evaluation, Figures 20 and 21 are used as a reference. Figure 20 shows a pattern (Pattern A) of
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differently spaced black and white bars: four zones can be recognized according to the duration
of the bars (i.e, to the spatial frequency). Assigning values ‘0’ and ‘255’ to totally black and totally
white areas, respectively, generates the plot in Figure 20. When the Pattern A image passes
through a camera lens and is captured by a CMOS sensor, the image is modified into something
similar to Pattern B and this produces the corresponding profile in graph B.

| I
zone 1 |2one 3 | Zone 4
1 1

T

Figure 20: Pattern A (representing object).

zonel zone2 | zone3 | zone4
| |
MTF = 100% MTF = 90% I MIE

I =60% | =20%
L M

Figure 21: Pattern B (representing image). The hori ~ zontal red line is the MTF percentage plot.

In Pattern B, the wider spaced bars (zone 1) maintain their amplitude (still varying from ‘0’ to
‘255") and duration but as the bars get thinner, the grey areas appear: in these sectors (zone 2, 3
and 4) the line profile no longer reaches values ‘0’ or ‘255,” degrading the quality of the starting
profile. In these zones, the original image is no longer reproduced with the initial spatial
frequency.
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As the stripes get closer together, the visible difference between bars decreases and edges
start to blur into each other. The plot changes from a periodic signal to the average value of 127.

As previously described, in Figures 20 and 21 four zones at four different frequencies are
distinguishable; the MTF is closer to 1 (or to 100%) for low frequencies (zone 1), while it drops to
20% when bars are almost indistinguishable (zone 4).

The higher the MTF, the sharper the image. In OIS-performance evaluation, the higher the
MTF, the lower the blurring, and the better the image stabilization.

A variety of charts, called SFR charts, can demonstrate the quality of the image (i.e. the
quality of stabilized image in OIS). These charts contain an amount of black and white or grey
scale bars, lines, and circles oriented differently in space. Specific imaging software is available
to compute MTF once the image of one of these SFR charts has been captured by a camera.

The target used in OIS-system evaluation is an SFR chart, as shown in Figure 22 [21].

m = B Picture height / 6 |
L

— ' 1 111
=11 '!02'22'42'65850523i‘3f3i‘4|"
SR O T W O O O B

9 /yBiay ainoid

M © Erlend Rennekleiv, www.eronn.net Numbers x 100 = lines per picture height

We have set up an experiment to test the performance of an OIS system under real-world
conditions: this set-up uses a 5MPxI camera equipped with an OIS system controlled by a PC, an
electro-mechanical test rig also controlled by PC, and the SFR test chart in Figure 22.

The 5MPxI camera equipped with the OIS system has been mounted on the test rig and
positioned in front of the test chart.

The test rig can reproduce, with high precision, the movement trajectories previously defined
on the PC, including both sinusoidal movements (i.e. single or composed frequencies
19
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oscillations), and the random movements that recreate human jitter. For this, data retrieved from
a dedicated acquisition campaign for modeling human shake characteristics was passed to the
test rig.

So, when the test rig “vibrates”, the images can be acquired by the camera when OIS is
switched OFF and ON in order to evaluate the difference in the acquired data.

Two analytic methods have been applied to study the performance:

1. The first one is based on the data acquisition from the OIS system and the analysis of its
relative signals;

2. The second method directly involves the acquisition of the SFR chart images, used for
image-quality evaluation.

The following sections describe the two analyses.

8.1. OIS signals analysis

In the first analytic method, the test rig reproduces movements similar to human-caused jitter
while the OIS is ON.

During the course of the test, the principal signals were acquired from the gyroscope and the
Hall sensors of the camera module. The gyro data represents the test rig movements, while the
Hall-sensor data is related to the camera-module movements, managed by the OIS controller.

The two pertinent signals have been analyzed and shown in Figure 23: axes are compared
separately, to eliminate cross-axis error.
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Figures 23a and 23b show how the OIS compensation works; output signals from controller
(i.e. HS output in blue) act opposite to camera movements (in green).

Starting from the acquired data, to better appreciating the OIS accuracy, the error function
has been calculated as the difference between the gyroscope angles and Hall sensors data
converted in angles:

err, = angle, — HSy;
erry, = angley — HS,,.
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Figure 24: The control error is the difference betw een the reference angle obtained by the gyro and th e relative
one calculated by the control algorithm ((a) X-axis , (b) Y-axis).

The standard deviation calculated on the previous error signals is approximately 15mdeg;
this means the system can compensate to around ten thousandth of degree, over a maximum
angular displacement +1 degrees, due to hand jitter.

8.2. Image acquisition

The second test allows direct visual feedback on the operation of image stabilization, by
acquisition of the image itself. This test has been carried out with the test rig reproducing
different sinusoidal signals at the frequencies 1Hz, 5Hz, 9Hz, 12Hz and 15Hz, respectively; the
camera acquired the SFR chart image when OIS was OFF and ON and the pictures compared.

Satisfying results of the optical image stabilization are clearly visible in Figures 25 - 29.
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Test rig vibrating @ 12 Hz

OIS Off

Figure 28: OIS Off/On with test rig vibrating at 12 Hz.

Test rig vibrating @ 15 Hz

oIS off

Figure 29: OIS Off/On with test rig vibrating at 15  Hz.

9. Conclusions

Optical Image Stabilization is a mature technology that minimizes blur caused by camera
shake. For a long time, it's been the essential feature of professional cameras and digital still
cameras. More recently, thanks to mobile technology evolution, it has rapidly become an
essential feature across flagship smartphones.

This paper describes the OIS system and the relative camera module application, as
implemented on smartphones and handsets. We've also presented the OIS camera module
technology that corrects the variation of the lens position to compensate for accidental
movements that cause blurring.

The OIS system has been described as the union of a gyroscope sensor for detecting vertical
(pitch) and horizontal movement (yaw), a microcontroller executing a control algorithm that
determines how much compensation is needed to correct the camera's shake, and a driver
controlled by the MCU that retrieves the lens position information from the camera module’s Hall
sensors and sets the corrected position via the two voice coil motors embedded in it.

In this way, the system can compensate for the detected motion, moving the lens elements
on the camera to produce sharp high-acutance and high-resolution images.
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Finally, the results of an experimental test conducted on an OIS system have been presented
proving the effectiveness of this application using the captured images where jitter-caused blur
has been strongly reduced and the images’ higher quality has been guaranteed by the adoption
of this technology.

10. Acronyms

Acronym Definition

ADC Analog-Digital Converter
CMOS Complementary Metal-Oxide Semiconductor
DAC Digital-Analog Converter

DIS Digital Image Stabilization
dps degree per second

DSC Digital Still Camera

EIS Electronic Image Stabilization
HS Hall Sensor

IC Integrated Circuit

IS Image stabilization

LCD Liguid Crystal Display

LL Liquid Lens

LSb Less Significant bit

MCU MicroController Unit

MTF Modulation Transfer Function
NFC Near Field Communication
OIS Optical Image Stabilization
PCB Printed Circuit Board

PWM Pulse Width Modulation

SFR Spatial Frequency Response
SMA Shape Memory Alloy

SPI Serial Peripheral Interface
SR Suppression Ratio

VCM Voice Coil Motor

Table 1: Acronyms list
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