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i
ABSTRACT

KEISHA JOSEPHINE THOMAS. The development of thedodensity sensor for
closed-loop feedback laser printer calibratigunder the direction of DR. IVAN L.
HOWITT)

A new infrared (IR) sensor was developed for apgpion in closed-loop feedback
printer calibration as it relates to monochromeackltoner only) laser printers. The toner
density IR sensor (TDS) was introduced in the e&a880’s; however, due to cost and
limitation of technologies at the time, implemeigatwas not accomplished until within
the past decade. Existing IR sensor designs ddisoiss/address:

« EMI (electromagnetic interference) effects on thenser due to EP

(electrophotography) components

» Design considerations for environmental conditions

* Sensor response time as it affects printer prosessd

The toner density sensor (TDS) implemented in teentark E series printer reduces
these problems and eliminates the use of the dutraditional “open-loop” (meaning
feedback are parameters not directly affectingtptarkness such as page count, toner
level, etc.) calibration process where print dadsnas adjusted using previously
calculated and stored EP process parameters. histawical process does not have the
ability to capture cartridge component variatio @mvironmental changes which affect
print darkness variation. The TDS captures reaétdata which is used to calculate EP
process parameters for the adjustment of printrees® as a result, greatly reducing
variations uncontrolled by historical printer cadibon.  Specifically, the first and
primary purpose of this research is to reduce plamkness variation using the TDS. The

second goal is to mitigate the TDS EMI implemewtaissue for reliable data accuracy.
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CHAPTER 1:INTRODUCTION

Monochrome laser printers are known for the abtlityproduce high quality prints at
fast speeds with little maintenance. Laser prontiadopts the concept of
electrophotography (EP) to produce robust prinibe EP process involves the transfer
of surface charges to create electrostatic imag€sprocess parameters of the printer are
utilized to control print darkness. As a resultpaft to part variation in EP components
(discussed in chapter 2 section 2) along with emwirental changes and device
degradation affecting the printer cartridge, paramse controlling print darkness no
longer maintain consistent darkness throughoutliftbeof a cartridge. Consequently,
there is a great deal of variation in print darlsae$he desire is to produce an embedded
sensing mechanism that captures real-time dataadito adjust print darkness variation.

1.1 Goals of Printer Calibration

Printer calibration is the process of maintainingsistent print darkness over the life
of the cartridge. Printer calibration has beerfquared since the inception of printers.
The main goals of printer calibration are to:

* Maintain consistent print darkness through the life of a cartridge from the
first print to the last print in room temperature. This is found by empirical
testing in room temperature environment. Basi@tararries various shapes and
without any printer calibration, prints are darkeover the life

of a cartridge.
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* Maintain print darkness through cartridge and component changes. The

print darkness must be the same when changing defextive component or a
worn component. Also mentioned previously, EP congmt part-to-part
variation is very high.

* Maintain print darkness through environmental changes surrounding the
printer. As mentioned before, EP components are heavipenl#ent upon
environmental conditions which affect print darksiesEP components are also
affected by thermal conditions induced by the pmist process speed. Today,
high-end laser printers can operate faster thapag@s per minute (PPM). Such
speeds cause EP component characteristics to change

* Maintain adequate print darkness through different media types. Since
media have different elemental components, cotickbess, and size and shape,
the print darkness also shifts. Even within eachdim type, there exist
characteristic variations that affect print darlsies

The current print darkness calibration system treesaddress these goals; however,

the traditional system is not very effective in ntaining consistent print darkness.

1.2 The Current Printer Calibration Process and Chgéen

The current open-loop calibration process involussig EP process parameters to

adjust print darkness. LUTs (look-up tables) aewealioped by empirically testing
optimal values for each EP process parameter fenydy* change in print darkness over
cartridge life. L* is a CIE (Commission Intermatiale de I'Eclairage or International
Commission on lllumination) [1] standard parametsed to measure change in lightness

or darkness seen by the human eye. This is peefbumknown of actual real-time print



darkness level and unknown of variation from panpart.
The LUT concept presents many problems:

1) The change of optimal values to adjust print daskndoes not actually
coincide with actual print darkness level. Thibésause there is no feedback
relationship in the printer’'s change of print daeka level.

2) Part to part variation is not considered

3) LUT’s are universal and does not represent chaiatits of all cartridges
under all varying environmental conditions.

4) The outcome is print quality not being optimizeduléing in darker or lighter
prints over the life of the printer cartridge

Several challenges are faced when trying to effelstiperform printer calibration
using the traditional process. Higher demand fardpcing faster speed printers is
another one of the major challenges. The currentgy calibration process maintain less
error for slower print speeds; however, with insiag speeds and printer options such as
duplexing, the current printer calibration processgst be altered or a new calibration
process must be introduced. This has become raagets effectively calibrate print
darkness for today’s features, speeds, and appisat

1.3Goals of the Toner Density Sensor Design

The toner density sensor (TDS) or (also termed) tirer patch sensor (TPS)
measures toner developed on the PC (photoconduwitom. Collected data from the
TDS is used in an algorithm to adjust EP procesarpaters that control print darkness
over the life of a cartridge.

Since the TDS is positioned in the midst of EP congmts, electromagnetic
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interference (EMI) can affect the TDS output sign&MI exist in the printer due to

motors rotating electrophotographic componentsc(dised in the Electrophotography
section chapter 2 section 2).

The first goal of the toner density sensor is wuce current print darkness variation
through the life of a given printer cartridge. Téecond goal of the TDS is to mitigate
electromagnetic interference (EMI) affecting the S Doutput signal during
implementation. The new toner density sensor desigets these goals, functions well
under environmental changes, maintains a fast nsgpand requires little additional
resource to implement.

The dissertation addresses the methods in whichtdher density sensor was
designed and tested to verify its performance whei@eriencing EMI and various
environmental conditions. Also discussed is thduction of print darkness variation
using the TDS. Reduction of print darkness vasratind EMI experienced by the TDS
helps to provide consistent image quality overliteeof every cartridge through the life
of the printer.

1.4 Dissertation Structure

The dissertation describes previous research, gddments, and current
techniques to improve print quality which drive® tthesign of the toner density sensor.
Included in this document are techniques proposeninprove print quality including
utilization of real-time closed-loop feedback ddta adjust EP component process
parameters. The dissertation describes the soluicdhe toner density sensor and its
function specifically towards the printer calibmatiprocess. Theory behind the design

process and implementation is explained in detdihe sensor design process includes



circuit analysis and control theory.

The dissertation’s background (in chapter 2 sectipdescribes the history of laser
printers. The electrophotograhy (EP) section {sec®) describes the science behind
laser cartridge technology and halftoning (sec8pdescribes the process of converting a
continuous toned image into a reproduced digitehgen The color science section
(chapter 2 section 4) highlights common aspects aretrics applied in printer
technology. The printer calibration section (sattb) mentions issues causing print
variation which introduce various calibration methaapplied to printers. Section 6 of
chapter 2 identifies past applications of sensofaser printers and highlights differences
with the proposed toner density sensor. The Etian of chapter 2 (section 7) discusses
band-gap engineering advancements and the greacintbese recent advancements
have made regarding the toner density sensor.

Chapter 3 discusses previously explored printabielon techniques including the
traditional open-loop calibration and the new ctbi®mp calibration process. These
processes are then compared to the TDS desigmté&hihagoes into the details of related
work regarding an infrared (IR) sensor used fosetbloop feedback printer calibration.
It compares and analyzes the details. The TDSydesidiscussed in detail in chapter 5
with theoretical analysis. The design reduces ¢bemmmon problems of EMI and
environmental changes. Chapter 6 is the implenientand interpretation where it
describes how the sensor was positioned in theepriand it is actually applied for
calibrating print darkness. Chapter 6 also disesisshallenges in implementing the
sensor and test results (including actual print @estaken for comparison of print

darkness variation). Test results of the sensotementation results are then compared



to the previous traditional printer calibrationuks.

The final Assessment of the toner density sensdomeance is discussed in chapter
7. Challenges with implementation, test resultsj @omparison to previous printer
calibration methods are summarized. The conclu&bapter 8) summarizes the toner
density sensor’'s use in monochrome laser printedsthe benefits which can greatly

impact the laser printing industry.



CHAPTER 2:BACKGROUND

The background chapter describes the laser printdustry, electrophotography,
halftoning, color science, printer calibration, yoeis sensor applications in printers, and
advancements in optics. The sensor is a coniibth each of these areas and each area
has opportunity for future applications to imprguenting using the toner density sensor.
Each section elaborates each topic and finallyslitkrelevance to the TDS.

2.1 The Laser Printing Industry

Today’s industries and businesses use laser mifdetheir high-quality prints at fast
speeds. The first laser printer was produced byy G&tarkweather from Xerox
Corporation [2] in 1970 where a copier was conwerte a printer. The first

commercially produced laser printer was the IBMri8}del 3800 in 1976.

Xerox Laser Printer Model 9700 ca. 1977

Figure 1 [2]. The Xerox laser printer model 97@0 £977. The figure
is a picture of one of the first laser printeranufactured.



8
During this period, the laser printer was used Hagh volume printing such as

invoices and mailing labels. The first laser gmproduced for computer compatibility
was the Xerox Star 8010 running pages at 8 pagempeite (PPM). The printer costs
~$17,000 and resulted in relatively small sales as
compared with today. Over the next several ydaser printers evolved into wide-
spread applications. Other companies such as @amfewlett-Packard (HP), Brother,
Samsung, and IBM’s Printer Division (now Lexmarlgnee aboard in the laser printing
business. By the late 1980’'s, an estimated 300omiklectronic prints were being
generated per day by laser printers [4].

Currently, laser printers include color laser st monochrome (black toner only)
laser printers, multi-function laser printers (MBPand all-in-one (AlO) laser printers.
Within each laser printer type are low-end, midganand high-end models (typically
determined by maximum print speed). Laser pringees continuing to replace ink jet
printers (home-use printers) as improvements ateingts are made to reduce the cost
and size of laser printer components (such asidges and other maintenance items).
Furthermore, laser printers are increasingly digptaimprovement in photographic and
graphic prints (where ink jets are currently maaeadrable). All of these improvements
are translating to increasing popularity of theetgsrinter for home use.

2.2 Electrophotography

The laser printer adopts the concept of electrapdraphy to effectively produce an
image unto different types of media (such as papensparencies, or envelopes).
Electrophotography (EP) is the use of electrodaticcreate images on photosensitive

material. During the turn of the $Qentury, several attempts were made to create a
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process that will combine electricity with photoging to create images. In 1938, Chester

Carlson from Haloid Corporation (which became Xe@orporation) [5] was the first to
successfully create a practical electrophotogragystem.

Electrophotography and laser technologies firsteapgd in the late 1950s [6]. As
mentioned previously, the first printers to combthe technologies did not occur until
the 1970s. The total monochrome (mono) EP prooedades the sub-processes of
exposure, charge, development, transfer, clean,faswl [7] to effectively produce an
image unto media. Figure 2 is a cross-sectiondineuof the main EP components

utilized to perform the sub-processes listed above.

Basic EP Components of the Mono Laser Printer

i or

laser

doctor blade

charge roll

@
fuser
@ transfer roll
\_j

Figure 2 [5], [6], [7]. The basic EP componentsaoimnonochrome laser printer. The
electrophotography (EP) components displayed aendin components that produce an
image unto media (such as paper). The PC drurhasged highly negatively by the

charge roll. The laser emits small dots (in thenfemf the image) onto the PC drum
discharging those areas. The toner adder rolsteas toner to the developer roll which is
smoothed and charged by the doctor blade. ThegeHaoner is transferred to the PC
drum where the transfer roll attracts the toneouhe media. The media finally goes
through the fuser rolls to “fuse” the toner untodiaecreating the final printed product.

developer roll

toner adder roll

photoconductor (PC) dimm

print media (ex. paper)
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In the charge process, the charge roller or corsnzharged by the printer’s high

voltage power supply to a highly negative voltagai¢h also supplies voltage to all
other EP components of the printer). The voltadmarges the light-sensitive
photoconductor drum [8] for laser discharge aneétatevelopment on the drum.

A laser scanning unit (LSU) emits intensity pulsedtv modulated (PWM)
monochrome laser light to a cylindrical photocortdu¢PC) drum [9]. PC drums are
typically hollow and ranges between 10-35um in khéss with diameters averaging
around 20mm [10]. The emitted light dischargestsmm the drum which carries the

shape of the image (shown in figure 3).

Example of a Discharged Image on the PC Drum

The black dots are discharged
areas of the PC drum

{usually at hugher voltages

than the rest of the hnghly negatively
charged areas of the drum)

Figure 3. An example of a discharged image onPGedrum. The laser from figure 2
emits dots onto the photoconductor (PC) drum fogrtime image. The PC drum is
discharged to a more positive negative value foetdransfer (black area) while the rest
of the area around the image (white area) remduasged at a highly negative value.
*The letter “E” is enlarged for display purposedyon

In the development process, toner (plastic powdeghly 7 microns in radius [11])
is added to the developer via use of the tonerraddle The toner adder roller transfers

toner to the negatively charged developer rolleengtthe toner is smoothed and charged

by the less negative doctor blade. The photocdnd(eC) drum is made up of layers of
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dielectric material on a conductive surface [12] attracts the negatively charged toner

(since the potential difference between the PC damth developer is large enough to
attract toner).

In the transfer process, media (such as papernsferred between the PC drum and
the transfer roll where the positively charged s$fan roller attracts the negatively
charged toner unto the media. The media travetegduser (high temperature rollers)
where pressure and heat is applied to “fuse” toméo the media [13] (hence why prints
are usually warm when fresh out of a laser printer)

During the clean cycle, the cleaner mechanically electrostatically removes toner
from the charge roller and PC drum (effectivelyacllmg these components) in order to
be ready for the next print job [14]. EP composeare the main components of a typical
cartridge. The color EP process typically requii@sr cartridges [15] for each color
(cyan, magenta, yellow, and black).

The EP system is continuously improved to meet dhanging needs of current
printing demands. Revolutionizing printer techrgylancludes overcoming challenges
for EP components to:

1. Adjust for environmental changes, including tempeeand humidity
[16], [17]

2. Incorporate faster print speeds

3. Adjust for improved halftoning techniques (chafesection 3)

4. Combine multiple functions such as duplexing, saanand copying

5. Adjust for toner size changes and new toner teduyoli.e. chemically

produced toner [18])
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These are on-going issues for printer developm&he toner density sensor assists in

overcoming some of these challenges (mentioneaeissessment chapter 7) and was
designed around many of these limitations.

2.3 Halftoning

Halftoning is the process of creating a digital ggdrom a continuous tone image
while maintaining the illusion that the image i#l st continuous tone [19],[20],[21],[22].
This concept is applied across the laser printlystry. Halftoning is also referred to as
spatial dithering [23]. This technique is mainjypéied in printing and dates back to the
mid 1800’s when William Henry Fox Talbot [24] capgd an image on to a printing plate
using a sensitized plate. Talbot used a black wasleth (acting as a screen) that
separated the image into small dots on a printlatep Halftoning is built on the concept
of converting an image into small dot patterns. e Tavel of quality in a halftone

algorithm is judged by the image quality to the esdr.

Various Halftone Images

Figure 4 [20]. A variety of ftalhe images. Halftoning converts a
continuous image into dots. Sh@liove are the results of various
methods to create a halftonegiena
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Halftone dot patterns are classified into two catexs: amplitude modulation (AM)

and frequency modulation (FM or Stochastic scregnif25], as applied in radio
communications. The dot size is modulated withifiixad frequency space in AM and
the frequency is modulated within a fixed dot sipace in Stochastic screening.

The process of halftoning takes the separated iraagebreaks the image into small
dots (from O to 1 where 0 = white and 1 = blackyl @ompares the dot to a threshold
value of 1/2. If the dot is lighter than %2, thée ot is assigned a value of O or the dot is
darker than the threshold gray level value of %, dbt is assigned a binary value of 1.

As a result, the image is a picture of very smiatk and white dots.

Halftone Dots

Figure 5 [25]. Hahe dot image. The figure on
the left is a velgse view of the image on the right.

Another popular type of the halftoning processabed error diffusion developed by

Floyd and Steinberg [26]. There are two method=rttor diffusion: one dimensional and
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two-dimensional error diffusion. In one dimensibagor diffusion, the comparison of

the original value to the threshold of value ofs/erformed, and the difference between
the original value and the threshold value is aapto the next pixel on the image.

In one of the simpler two-dimensional error diffusialgorithms, the error is applied
by dividing the error in half and applying to thext pixel. The error is also divided into
quarters (i.e. 0.25 = error propagation) and appicethe pixels below both the current

processing pixel and the next pixel as shown iragqn 1.

Eq. 1.

Various models for error diffusion include dividintpe error into larger areas
surrounding the current processing pixel. Someratiffusion models use random error
propagation for improved print quality. Howeveotsl are not always equal in size and
perfectly square, causing dot gain (where printatdstze is larger than intended) and dot
overlap to occur which distorts the image. The sizdots varies with media types (i.e.
regular copy paper, card stock, transparencieselepes, labels, glossy paper, etc.).
Many halftoning techniques include calibrating pats for improved print darkness (as
shown in figure 6).

Since the role of printer calibration is to adjpght darkness, halftoning plays a large
role. Printer calibration conducted for one haltaonethod may not work for all other
halftone algorithms including error diffusion [27R8]. Even for one halftone method,
different halftone screens (represented by dpi ots dper inch) require different
calibrations. Therefore, printer calibration mbstve the universal ability to adjust for

different types of halftoning techniques, considgrithat different dot gains and dot
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overlaps occur according to each media type. Adsd?PM and dpi increases, algorithm

complexity increases and processor speed needsictease. Closed-loop printer
calibration using the TDS can be applied univeysadinsidering that print process speed,
dpi, dot variations, and halftone methods are ahlsaered in the printer calibration
algorithm (explained in chapter 3). Due to thesetdrs, the printer calibration process

has to be easily applicable toward future genemataf printers.

Image Comparison of Halftone and Error Diffusion

Figure 6a [23]. Basic AM Figure 6b [23]. Erdif- Figure 6¢ [23]. Random

halftoning applied to the fusion appliedite image. error (error propagation

image. This teicjue is more 0 <x <0.5. This technique is
improved than basic AM the mosticlilt to apply, but
halftoning. provides the bessults.
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2.4 Color Science

The color laser system has applied various tecksigoward improvement of printer
calibration for several years. Since past researcprinter calibration mainly involved
color laser and ink jet printers, this sectionngaduced to provide the necessary color
science background required for chapter 3 (Conioha/Explored Printer Calibration
Techniques). Color science also relates to meatisesl in monochrome laser printing.

Monochrome laser print darkness is based on levklgray defined by the color
standard system (CIE). The CIE is responsibleléveloping standards for color metrics
and terminology derived from color science [29]][B@CIEXYZ was developed in 1931
to mathematically define color. X, Y, Z represemtathematical variables close to red,
green, and blue respectively since it's been fothad humans interpret color by red,
green and blue receptors in the eye. Therefore,tlthee variables are required to
describe a color system. The CIEXYZ system waselbped by empirically testing
directly from human eyes. Many color spaces aderavation of this color space. By
1976, CIE L*a*b* (commonly seen as CIELAB) was dimped in order to determine
color differences not captured by CIEXYZ color netr This color space became very
useful in imaging, where printer technology applies

L* represents the level of lightness visually ipieted by the human eye. a* and b*
represents color component dimensions [31]. L*aad b* applies to color laser printing
technology where only L* applies to mono laser fng. The mono laser printer
calibration process utilizes the defined CIE L* graeter to adjust for print darkness.
Printer calibration using the TDS design proposethis thesis can be potentially applied

to the color laser printer. Figure 7 [32] is arammple description of the CIELAB color
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space system.

Many color spaces are transformations to charaetehe device (printer) current
color space to a standard mathematical interpoetaif the existing color state. In the
case of printers, the color space is CMY (cyan, enég and yellow) or CMYK (where
K=black to not confuse with RGB where B=blue) [3@4]. Even though RGB is the
human perception of color space, CMYK is very ukefiprinting. RGB color space is
additive since all colors are summed to equal wiiliere as CMYK is subtractive where
brightness is removed from white. Therefore, fhiscess performs best on white paper

since wavelengths of light are absorbed to creaitas

The CIELAB Color Space Map

Figure 7 [32]. The CIELAB color space system. i&’the change in brightness seen by
the human eye. a* represents the horizontal chtrnge green to magenta and b* is the
change from blue to yellow.
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In mono laser printing, gray scales are the onlyelleof concern which is

characterized by L*. Psychophysicists have deteechithat the human eye can perceive
at least 64 shades of gray. The shades are egytla human visual space, and can not
be performed by the printer. For adequate transdtion, the levels of gray are
converted to L* to be mathematically and physicalgeful. In mono and color laser
printing system, look-up tables (LUT’'s) are utiikeéo adjust each L* a*, and b*
parameter to maintain consistent print darkness.

2.5 Printer Calibration

Temperature and humidity affects print quality loé tprinter. Factors such as poor
toner transfer (too much or too little), backgrowsiiding, and toner scatter are reported
under these environments. It has also been fobadeach EP component have large
enough variation from part to part to effect pmpiality. Moreover, toner charging (as
explained in the section 2) has humidity dependerc® a result, print darkness “drifts”
from its original state over the life of a cartreggesulting in very dark or light prints.
Printer calibration is the process of maintainiloggstent print darkness over the life of
the cartridge. Over the years, research invohprigter calibration has evolved with
several approaches to maintain consistent prirkngsis. Open-loop (one dimensional)
and closed-loop printer calibration have been eitheestigated or implemented [31],
[35], [36], [37], and [38]. Both of these methamle discussed in chapter 5.

While closed-loop calibration using an embeddedssermas been explored, this
paper details the process in making the embeddesdeiiRor effective and robust for
guality implementation. Development of a fast aoldust method to printer calibration

requires foreknowledge of the system’s behaviomps& implementation (for easy
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adjustment when changes are made to improve qualityuture printer models), and

consistent quality output response.

2.6 Sensors in the Printing Industry

Sensors have always been an integral part of de [a&inting system ever since the
beginning. P. Graf and W. Von Tluck [39] explain®dt over 70 sensors were utilized
in the 1977 Siemens Laser Printer ND 2 [40]. Hosvethe toner density sensor was not
formally introduced until R.W. Pries introduced ttener patch sensor (TPS) in 1983
[41]. The TDS is a concept different from many snassembly systems in that the
application of the sensor is designed and utiliZed sophisticated closed-loop
adjustment. Previous sensors utilized simplereddsop systems (discussed in the
following paragraphs), where most feedback parammetave no direct affect on the
output (such as page count, number of times agorinas powered on, etc.). Infrared
(IR) light sensors have demonstrated their usefsinend versatility for solutions to
existing problems and as a result, are being appbefuture concepts in the printer
industry. A few infrared (IR) light sensors pregrused in laser printers are media
sensors, environmental conditions sensor, tonecesdration sensors, and toner amount
sensors [42].

The toner concentration sensor is primarily usedtiie developer unit. In many
color printers, toner is a dual component systempresed of carrier beads and toner.
The carrier beads attract toner and transfers tbhoer the developer to the PC drum.
The change in permeability is sensed by the tonacentration sensor and this change
determines the concentration of toner.

Primarily in color printer systems, the toner amtosensor is used to read the
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specular and diffused light from toner on the tfanbelt. The toner amount provides an

indication of how much additional voltage is re@uirto attract toner to the transfer belt.

The media sensor determines the media (or most coynpaper) type [43], [44],
[45], [46]. Paper can change in thickness andutextanging from card stock to plain
office paper. Paper also carries a range of sindsshapes such as legal (11.5” X 14”) or
narrow. In addition, envelopes, labels, and transpcies are also media passed through
printers. These types of media require differenbants of toner transfer at different EP
process parameters. The media sensor allows ititerpio capture the type of media that
is going into the printer and may adjust the EPcess parameters or may adjust the
speed in which the media is running through thetpri

The thermal sensor is used to detect the fuseBsehéemperature and provides an
indication to turn off and on the fuser heater taimtain consistent fuser temperature
during a print cycle. The environmental condifisensor determines the temperature
and humidity surrounding the printer to also adfBtprocess parameters.

The commonality of these sensors is that most eitldetect toner or media by
brightness (density). Involved typically is theeusf an emitter and receiver with an
electronic circuit to convert light to a measurablgput voltage (as shown in figure 8).
The DC signal is then sent to an analog-to-digdD) converter to be processed by the
printer’'s engine code.

The paper sensor circuit (shown in figure 8) démwithe typical circuit applied to
sense various media types for appropriate amoutdrar transfer. Depending on the
reflection of the media, toner transfer is adjudigadthanging transfer voltage to produce

optimal prints. The IR signal shown is a photosiator; however, a photodiode can also
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be utilized instead.

Sensor application to improve printer calibratignai similar concept to the sensor
applications previously described. The sensordmEal components (i.e. an emitter
and detector and electronic components). Howewer,development of a sensor for
closed-loop detection of micron-sized toner witghefficiency, accuracy, and speed is

challenging to design.

A Typical Paper Sensor Circuit Used in Laser Prate
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Figure 8 [47]. A typical paper sensor used insetgrinter. The sensor circuit uses a
light-emitting diode (LED-4) to send a referenceun signal. The reflected light is
captured by a phototransistor (3). The ampliféy énd RC circuit filters noise and
amplifies the detected signal. The output of thpléier is sent to a comparator (8) to
provide the change in output in relationship whie teflected light. The output change
(as displayed specifically in this figure) is aukksof reflected light decrease below a
predetermined threshold level (which is calculdigdhe resistor divider pair 5 and 6).



22
The TDS signal is utilized to adjust print darknésgels; therefore, strong detection

accuracy is required. Captured data from the TBSadrrelated to print darkness;

however, in paper sensing simply requires a ddiectautput signal (not necessarily
accurate) to verify if media is present. The TR&pat signal must not only be accurate,
but be free of noise and able to provide the saewellof detection under varying

environmental conditions. The same is not necigsaquired of the paper sensor.

Again, only a detectable output signal is requi@dletermine if media is present at the
paper path. If the output signal’s strength isecidue to environmental conditions, this
is acceptable. As long as the sensor output signdetectable, the paper sensor is
functioning.

2.7 Advancements in Optics

Optical components of a typical sensor such adigh&emitting diode (LED) must
possess high-detection sensitivity. The LED hasaded from a device created in 1962
with a low efficiency (about 0.1 Im/W) to efficieles close to 1 [47]. One of the main
contributors to the IR LED and detector industrthis material combination of GaAs and
AlGaAs.

AlGaAs/GaAs are formed through the concept of epdrgnds. As atoms of both
compounds are brought together, each energy I@lielisto two levels since the Pauli
Exclusion Principle [48] states that no more tha telectrons of opposite spin are
allowed to occupy the same quantum state. Asudtréise energy levels become bands
of levels of energy. The valence band is formed ttve conduction band is empty. The
electrons can be excited from the valence banda@donduction band to generate energy

(in the case of the LED, light energy). The adxhitiof the AlGaAs provides greater
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output power emitted from the LED and greater deiracapabilities of the photodiode

[49].
The gap energyg;y) can be simply calculated with the following eqoat
Eg = ho = hc/A Eq. 2.
whereEy = gap energy
h = Planck’s constant = 6.626 X 10 -34 ky/s
v = frequency of light
/A = wavelength of light
andc = speed of light = 3 Xfom/s
The gap energy of GaAs is 1.42eV. This calcul#tespeak wavelength to equal
875nm which is in the range of IR light.
Band gap engineering has advanced where aluminurtiunga arsenide

(AlGaAs/GaAs) emits IR light via double heterostwre theory [50]. GaAs is a direct

bandgap semiconductor as displayed in figure 9.

Direct Bandgap Semiconductor

Conduction Band
Walence Band

Mlomentum

Etergy

Figure 9 [51]. A direct bandgap semiconductore ffinimum conduction
band energy is directly above the maximum valermcellenergy.

The minimum energy of the conduction band is poséd directly above the

maximum energy of the valence band (shown in fiQQireso electrons and holes can
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combine directly. Therefore, light is emitted vehitonserving momentum. Indirect

bandgap materials (such as silicon crystals [53)ntg emit phonons (not photons) to
conserve momentum. Heterojunction structures (@dii) have less absorption loss than

homojunction structures (figure 10) [52].

Homojunction Structure Energy Band Diagram
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Figure 10 [52]. A homojunction structure energndaiagram.
Significant energy loss (due to absorption) ocautsomojunction
structures.

Figure 11 displays the general double heterostractanergy diagram for

AlGaAs/GaAs.

Double Heterostructure Energy Band Diagram
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Figure 11 [52]. The AlGaAs/GaAs double heterodtriteeenergy band
diagram. The energy bandgap of the gain regiomtéckis smaller
than surrounding materials to lessen absorptias los
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The gain occurs in the narrow band gap region, icgusiost absorption in this

region. In homojunction structures, absorptiorsloscurs at the wings of the spectrum
since the energy gap remains the same throughautstiucture. Most double

heterostructures are created via liquid-phase »gpitéand metalorganic chemical vapor
deposition (MOCVD) [53], [54], [55] and [56]. Figal 12 displays the structure for a

typical AlGaAs/GaAs heterojunction detector.

Typical Heterojunction IR Detector
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‘ Contact P oans ‘
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Figure 12 [49]. Structure of a typical heterojuoe IR detector.
Photoemission occurs through the AlGaAs barrieéight absorption
occurs at the GaAs layer.

GaAs again has narrower wavelengths with peak thatiss around 930nm [57].

AlGaAs/GaAs IR detectors possess fast responsel (anhosecond rise times) at high

efficiency, and low cost [47],[49],[53],[54]. Al@&/GaAs emitters and detectors are
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very desirable for the design of the toner dens#ysor. Photodetectors, including

guantum well infrared photodetectors (QWIP) [589][ have also evolved in the late
1980’s to early 1990’s to greatly improve printifog the printer industry.

The toner density sensor needs fast respondingabgtbmponents in order to execute
printer calibration process with little speed netto the customer. Low costs of these
AlGaAs/GaAs emitters/detectors maintain little irop#o the overall cost of the printer
and high efficiency of these heterostructure devite simply an additional positive

benefit.



CHAPTER 3:EXPLORED PRINTER CALIBRATION TECHNIQUES

Printer calibration is the process of maintainirnsistent print darkness from the
original print through the life of a cartridge. dtbrically, printer calibration is typically
“open-loop.” The term “open-loop” printer calilti@ is where there is no direct real-
time feedback of data for adjustment of EP propasameters to improve print darkness.
Many times, feedback parameters are not directkelil to print darkness, but are used to
estimate print darkness through empirical testiBgamples of these parameters are print
process speed, toner level, page count, etc. eldrer environmental factors, such as
temperature and humidity and toner characteristtesnot captured in real-time for the
adjustment of print darkness. Printer calibratiovolves transformation characterizing
device-dependent values to device independent ¥§Big.

This chapter discusses traditional one-dimensipnater calibration (section 1) and
closed-loop printer calibration (section 2) asedlates to the color laser system (since
most research is on the color system). It alsopares and explains the drive for closed-
loop calibration using the TDS compared to preVpusnplemented IR sensor
applications.

3.1 Traditional Printer Calibration

Printer calibration (like most calibration systemsgjpuires a standard (reference)
system for comparison. One dimensional printerbcation involves the use of

developing standard LUT’s to determine optimal BEBcpss parameters. In the case
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involving a color laser printer (where most printalibration research exists), color

measurements are taken to produce transformatalfesidone response curves (TRCSs)
[31]. TRC correction is usually applied to eaclamhel: C, Y, and M (leaving out K for
simplicity). This process involves using the catrealues for C, M, Y (determined from
device characterization) and applying a defineddfi@mation (given to the printer) to
each of those values to produce the following tssul

C =f(C) Eqg.3 M =f,(M) Egq.4 Y =f() Eq.5
where C’, M’, and Y’ are correction factors for K,and Y respectively.

The typical mono laser system uses linearizatiomap to the L* axis only (a* = b*
= 0) as the TRC. This is due to the fact that ccokmuires correction to hue and
saturation (as mentioned previously in chapterc?ice 4).

The typical process for device dependent charaetiéon to device independent
characterization involves the following:

1. Pre-determined device control values are repreddénta set of color patches

2. The values are measured in device-independent cotodinates (L*, a*, b*).
(mono laser printing only requires the L* brightadgnction).

3. A forward transformation function is developed taprthe control value to the
control value response (device independent vallibe function is obtained by
empirical testing and/or modeling.

4. The forward transformation function is invertedotatain the device-correction
transformation function (made up of characterizaiad calibration shown in
figure 14) which is used to determine the calildatevice output response.

The printer calibration process is summarized leyfthlowing diagram.
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Printer Calibration Process

1 Halftone patches 4 Device independent i Forward transformation

[device control walues) p| values are created p| function is derrved
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Figure 13 [31]. The existing printer calibratioropess. The current calibration process
is empirically performed and stored in the printetA transformation function is
developed to determine the response required furate print darkness/color settings.
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Figure 14 [31]. The device characterization prece¥he device independent color is a
color with previously known parameters sent to prater for development of the
response (discussed in figure 13). EP print pogegrameters are adjusted and the
calibrated output is finally sent to the devicatust the print darkness/color settings.
Two common 1-D calibration techniques: channelewimearization and gray-
balanced calibration are discussed in the follovaagtion.
3.1.1. Channel-wise LinearizationA& From Paper

The focus of this method is to use the TRC to ere@atelationship that links paper

input value toL*. Usually, paper values range from zero (black}36 (white) and the
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Euclidean distanceE = AL* [60] since:

AE =+ha*? +Ab*2 +AL*? Eq. 6
For mono printers,
Aa* = Ab*=0 Eq. 7
Therefore,
AE= AL* Eq. 8

L* is defined as:

Y )3
L*=116* Y_ -16 Eq. 9

0
whereY = the amount of light reflected an = the amount of incoming light
The relationshipY/Y,) is the reflectance fraction. The actual relaglip between.*
and the input values are found to be non-lineard{aplayed in figure 15). The non-
linear relationship is due to the non-linear relaship between light and the naked eye’s
perception of light. Using the straight line drawime inverse* is found through a LUT
for printer calibration (using gamma correctionl]i6

Linearization Curve in 1-D Calibration

Linearizing curve of AE from paper from which
A TRC curve for Cyan channel is determined

T,-r""- Linearized AE

The curve of AE
from paper

AEpaper

Figure 15 [60]. Linearization curve in 1-D calibocen. The Euclidean distance
is equal to L* for mono laser printers. The chamgEP process parameters
(represented by “d”) versus L* can be obtaineduigifogamma correction [61].
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3.1.2. Gray-Balanced Calibration

Gray balanced calibration involves the use of magph medium’s changes of
lightness to input values. The following equatismised to capture this change:
L* =100-(100d)/ 255 Eq. 10
where L* ranges between 0 (black) and 100 (light)
L* ideal values are inversely mapped through a LttAhsformation for use towards

darkness correction as described in figure 16.

Print Darkness Correction Process

C'M'Y"
L*a*p~,_ —P P-I » P —P L a*bp*ous

ideal

Figure 16 [60]. The print darkness correction pssc The device independent values
are sent through a transformation to provide tlealicC’'M’Y values as it relates to the
printer and its condition. The C'M’Y’ values areen transformed to the adjusted values
as L*a*b*.

Accurate printer calibration is achieved when:
L*idea "L o =0 Eg. 11

Gray-balanced calibration is considered the pretenmethod of one-dimensional
printer calibration since the human visual systesnmire sensitive to changes in gray
than actual gray values. Empirical testing of éhealues is performed to acquire as
accurate print calibration as possible.

One dimensional calibration is easy to implemerd hrlps to maintain fast print
speed; however, these systems are open-loop systathsdo not capture real-time

changes affecting the accuracy of printer calibrati Optimal EP process parameters

may not always work in every environment (espegialhere there are extreme cases of
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temperature and humidity). Open-loop calibratitsoaloes not capture EP component

part to part variation consequently causing vasmatin print darkness (displayed in
figures 22-24 in chapter 5 section 1). The toramsity sensor is used to capture real-
time closed-loop feedback with automatic adjustnoérmdrint darkness. The technique is
simpler than the traditional process and the bendficlude improved print quality in
various environments, little impact to speed andt,cand as a result, a more robust
design.

3.2 Closed-Loop Calibration

The closed-loop calibration process eliminates urgervention; reduce effects due to
printer component variations and environment changeile maintaining low cost. It
incorporates real-time processing with the benefitutilizing most of the available
printer's EP process parameters (used in 1-D @didor) to maintain consistent image
quality.

Y. Wu [37] has described the use of an embeddeskiiRor in a typical inkjet printer.
Closed-loop mono printer calibration is summaribgddefining a set of test gray-scale
patches for measurement, calculating the ideal &argdt (as done in open-loop
calibration), and following the process descriptidisplayed in figure 17. The data
captured by the toner density sensor providesdlaionship between current L* values
and ideal values. The process is repeated viavangcondition (such power-on,
incremental number or pages, etc.).

This process is simpler than the historical opeplprocess because the IR sensor
eliminates a lot of user intervention to developTi®Jand other additional print settings

required to perform open-loop printer calibration.
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Closed-Loop Printer Calibration Process

Print test patches **Frint the
e T ek pre-determined
L* target
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data C tatiomn ; .
alzorithm caltbration

Figure 17 [62]. The closed-loop printer calibratiprocess. This includes determining
the L* target by using the sensor to measure testhes. The data is stored and
normalized (calibrated) to values that adjust E6tess parameters for optimal prints at
accurate print darkness settings. **This step ggir@d for ink jet printing.
3.2.1. Linearization for Ink Jet Printer Calibcati
An extension of what was discussed above, Y. WY Rijgests the use of an
embedded sensor to capture data used to genelateatzation table (similar to 1-D
calibration using L* vs. gray levels) by color daktion algorithms for ink jet printing.
The process includes the following steps:
* Printing a color target with a number of pre-defirt®lor patches
* Waiting for paper to dry
* Measuring the target using an embedded sensor
* Using the data from the sensor to develop a linatidn table with color
calibration algorithms.
The patches are of different gray levels and aigtgat on paper. The more patches
to measure, the better the accuracy of the caildratHowever, printing patches may
slow print process speeds (due to waiting for papeiry since ink is used); therefore,

suggested was to use linearization to reduce thmbau of patches printed while
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maintaining calibration accuracy. As describedvimesly, a non-linear relationship

exists between outputy) and input (EP component values) PWM signXs (Using
gamma correction (based on the symBplthe relationship can be described as:
Y =aX’ Eq. 12

whereY = output signal
andX = input signal

Gamma correction is applied to create linearitynfra non-linear characteristic.

Therefore,

1

X'= X’ Eq. 13
whereX = input signal

This method again requires multiple patches foueay of calibration. At the time
of this research ([62] published 2005), an embedstsor was costly and was not as
precise as using a high-end spectrophotometer. elfaiconmental conditions described
in Y. Wu'’s research are nominal and doesn’t intcalimethods for effective printer
calibration due to variations in temperature andidity. Also, the research does not
describe EMI conditions.

Even though the printer calibration process desdriébove is for ink jet printing, it
presents promise in mono and color laser printitigan embedded IR sensor is utilized
for printer calibration in ink jet printing, a sitar device may be applied to color laser
printers. The embedded sensor can be used to sereselevel to map a response from
the ideal amount of toner to the actual amount dgininted. While there is little
published research in applying embedded sensorsano laser printing, this paper

establishes a basis for the use of an embeddeérisosfor mono laser printing. Also
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(and mentioned previously), factors very importéamtaccurate sensing as EMI and

environmental effects are not discussed in pricédibration research. These aspects and

reduced variation in print darkness are addresséus dissertation.



CHAPTER 4:RELATED SENSOR DESIGNS AND THE NEW TDS

The focus of the proposed TDS is to determine tdeesity from the PC drum. Data
collected from the TDS is placed into an algorithon adjust necessary EP process
parameters that control the amount of toner reduioe accurate print darkness. The
focus of the research was to first reduce prinkmkess variation. The second goal (in
implementation of the TDS) is to develop a TDS wirc¢hat effectively mitigates EMI
(produced by interactions between EP componentshersensor. Section 1 discusses
previous embedded IR sensors and their functiomsiim darkness calibration. The new
TDS design is then compared to similar sensoraudg®d in Section 2. The first portion
of the last section (section 3) explains the resquegnts in designing the TDS which
includes the function, implementation, and desigguirements for accurate TDS output
data. The last portion of section 3 describes tramts on the development,
implementation (including EMI), and operation oéthDS.

4.1 Previous TDS Related Work

As mentioned previously, R.W. Pries from the IBMr@aration [41], introduced the
concept of the toner density sensor (known as éhertpatch sensor) in 1983. The
concept design of the toner patch sensor (TPSisEayed in figure 18. The diagram
displayed is a block diagram of the overall operai function of the TDS as it relates to

printer calibration. The newly developed TDS desggmodeled after this concept.
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The TPS as Introduced by R.W. Pries
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Figure 18 [41]. The TPS introduced by R.W. Priégght is emitted by a LED (10) and
reflected by a photoconductive surface (such a®telrum). The light is detected by a
photosensor (12) and converted to a voltage signBhe output signal maintains a
relationship with the light detected. The sigremplified (13) and sent to a detector
(16). The signal reflected by the untoned (barg®tpconductor (PC) is stored. When
the PC has toner deposited on it (patch 14), tipeasipasses under sensor (12) and the
value of the patch is sensed and amplified (15he fned signal will possess a lower
value than the untoned signal. Components of iticeitthat’'s not discussed are utilized
for error detection of out of range signals (sustchecking for extra light (EXLT) and
checking for very low signals).

The TPS function is displayed in figure 18. IRnligs sent via a light-emitting diode
to the bare PC drum and the reflection is captbsed photodetector. The light detected
is very small and therefore must be amplified @maplifier 15) to a measurable signal.
The toned PC signal is amplified to a level eqoathe untoned PC signal to normalize

the signal. Therefore, the output signal will bghhfor low toner concentration. The

comparator will produce a signal that will causditidnal electrostatic fields to increase
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development of toner to the PC. Error checkingis® included in the diagram where the

extra light (EXLT) comparator’s function is to flaggh output signals and the reference
low error is to flag out of range low output sighdetected.

Y. Wu [37] also introduced an embedded sensor usemblor ink jet printing (as
mentioned in chapter 3 section 2). The sensomuceptour visual bands (for a color ink
jet printer). Since the responses of these filtierst match the CIEXYZ color space, and
as a result, are not sufficient enough to constauspectrum curve, the idea is to use
another method to restrict the curve to a knownlmemof colors. Eventually, a subset of
these colors is used toward printer calibration.

Four LEDs are used to capture C, M, Y, K respebtivd he reflectance is captured
by a CMOS (complimentary metal oxide semiconductand a light-to-voltage (LTV)
converter. Calibrations including black and whgeint calibration, sensor to media
distance variation compensation; temperature chammgepensation and media non-
uniformity compensation are performed to optimiz@tpyuality.

4.2 The Newly Designed TDS Function, Purpose amith@arison

The basic operational overview of the new TDS impated in the Lexmark E series
is described in figure 19. As with previous IR sers utilized for print darkness
calibration, this sensor also measures the refieetaof several toned patches to
determine a relationship between the ideal tonerceotration and the actual toner
concentration.

The sensor is positioned in line with the PC dronsdpture reflectance. The 5V DC
supply voltage (¥c) powers the sensor’s optical components and iatedrcircuit (IC)

from the printer’s controller (system) PCB cardheTLED light intensity is provided by



39
the LED Driver Circuit (discussed in chapter 5heTreflected light signal is detected by

a photodiode and converted to a voltage and araglifor a measurable output. Outputs
of the TDS can range from a minimum of <0.7V to aximum of 5V. The range of
outputs can cause significant error in signal riftg accuracy (discussed later in this
section). Output of the TDS is then sent throughaaalog-to-digital (A/D) converter
(also discussed in chapter 5) and utilized in thentgr calibration algorithm to
adjust/correct print darkness. Error flagging comgnts are not located on the sensor
printed circuit board (PCB). Error flags and otlhagic operations are included in the

print darkness correction algorithm.

Basic TDS Operational Overview

FRINTER 3¥YETEM
CARD
TDA
Frint Datkness
(alibations iﬁ; t g;te g:ted PC Deus
Algorithim (Ig)l:m Reflecting
Phato. Hutface
¥ DG detector
Supply
> Toned
= FPatch
- LED Diivrer
Circuit " Toner
LED

Figure 19. The basic TDS operational overview.typical 5V DC supply is used to
power the sensor. The LED driver circuit suppliasable current (described in chapter
5) that drives LED light. The light is emitted ite LED and detected by the
photodiode. The light detected is converted moeasurable output voltage in proportion
to the intensity of light reflected. Usually, antoned (bare) PC drum measurement is
taken and stored. A number of toned patch measmenare taken and compared to the
bare PC drum measurements for accurate printdsraiibn. The analog measurements
are converted to digital signals and utilized fomp darkness correction through an
algorithm.
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Figure 17 defines the overview of the printer agallon process using the toner

density sensor (which stated previously is the commnethod for closed-loop printer
calibration).

The sensor’s first and main purpose is to reduge pgarkness variation. Currently,
print darkness variation for the previous Lexmar&nm laser model cartridge) is over
+8L* from the nominal print darkness of 56L* (pridarkness samples are displayed in
chapter 5 figures 22, 23 and 24). The desired gbtde TDS is to reduce this variation
to <t5L* over the life of the cartridge. This goaés set to have the least print darkness
variation impact on the customer. Hence, the tdeesity sensor must produce accurate
signals for accurate print darkness correction.

The TDS design’s second purpose for implementasdie mitigate EMI affects on
the sensor and to reduce print darkness variatidéMI| existence is due to the
combination of motors spinning EP components anttages supplied to the EP
components used to produce required electrostatcactions to print toner unto media
(paper).

EMI may encompass an entire TDS signal. After tgyag the toner density sensor,
figure 20 was the resulting TDS output obtainedmeasurement (discussed in chapter 5
section 2).

The EMI captured in figure 20 is a direct result ddéta captured while EP
components are powered. The EP Components arerg@awg the high voltage power
supply and are typically in the range of approxehat-1500Volts to approximately
+1500Volts. The transfer roll is the main EP comgnat positioned closest to the TDS.

Both the TDS and transfer roll are powered durifid®& cycle.
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EMI Experienced by the TDS Output
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Figure 20. EMI experienced by the TDS output. EdMturs once EP components are
powered (approximately @0.6 seconds). The TDSutfpr this sensor) is equal to the
reference signal (discussed in chapter 5) whermght is emitted by the LED (~0.9V).

When the LED is powered and light is detected, aigfitering produces an
erroneous signal. An example is shown in figure Zhe output voltage noise is clipped
at ~4.7V due to the noise hitting the rail of thEetional amplifier (which is specified
to be within £0.2V of the supply voltage of 5V).h& TDS is positioned within 5mm of
the nearest EP component (the transfer roll); theze EMI effects are mainly from this
component due to the fact that it is positionedesd to the TDS and it has the highest
voltage range (from approximately -1500V to appmoiely +1500V). The purpose of
the TDS design described in chapter 5 is to redbeeEMI affecting the TDS output
signal. As part of the design process for the bigweent of a working design, further

investigation and evaluation of EMI is demonstratedhapter 6.
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TDS Output Voltage Signal with LED Powered
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Figure 21. TDS output voltage signal with LED poae The TDS is powered and the
maximum voltage (with light detection) for this senoutput is ~4.5V. The amplitude of
the interference signal was cut-off at 4.7V (whishdue to EMI maximizing the
operational amplifier voltage rail in the sensarceit as discussed in chapter 5). The
sensor’s output due to filtering is roughly the B@rage of the signal (i.e. ~3.7V). This
is not the actual signal’s voltage (~4.5V) and assailt, the final output is erroneous.

As mentioned in this chapter, previous researclerdesd embedded sensors require
calibration for temperature change, media non-umifty compensation, and media
distance compensation. Addition of these calibratislows print process speed. It also
makes designing the sensor system more complicaiée. ink jet IR sensor measures
density from ink printed on the page, so media cemsption is required. Card stock
paper (dense paper) absorbs ink differently thgalee 20lb office paper, thus requiring

the additional compensation. Temperature chanfijgraton and media non-uniformity

compensation is required for sensor reflectanceracy. Previous research shows that
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each sensor shows a common purpose (i.e. to detikage changes by printing multiple

test patches on a medium); however, past reseavel dot present results of print
darkness variation through the life of a printertdge. Furthermore, there is little
research regarding impact on closed-loop print miesk variation using IR sensors.
Lastly, past research explains little concerningllfpact and how to address EMI (as
conditions can change for every printer generatioiihe toner density sensor design
tackle the goals of reducing print darkness vamaind mitigating EMI from the sensor
output signal once implemented.

4.3 TDS Requirements and Constraints

The function of the toner density sensor is to pogdan accurate linear relationship
between different levels of toned patches and thipub voltage. Several sensor/printer
performance, design, and implementation requiresiemstraints are listed below.

Performance Requirements

 The sensor must be able to detect small changestoner concentration.
Without this sensitivity, the sensor will not prdei a linear relationship
between toner concentration and voltage change.

» The sensor must be able to operate after experiemg electrostatic
discharge (ESD). In the event where ESD occurs, the sensor must theve
ability to function properly.

* An A/D converter and a developed algorithm must ben place to utilize
data captured by the TDS for adjustment of print dakness The actual
print darkness determined by the TDS is calibratethe ideal print darkness

set by the patches printed on the PC drum.
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 The sensor must be able to operate and function efftively after being

shipped/stored and manufactured in extreme environmntal conditions
Some manufacturing locations experience unconttolienvironmental
conditions (i.e. very little or no air conditioniref times during the day or
night).

Performance Constraints

* The sensor must be able to operate near EP comporien Since charged
components are interacting electrostatically withotons running the
components, EMI interferes with the TDS signal. IEkhpact is further
evaluated in chapters 5 and 6. As mentioned pusiyo EMI cause
inaccurate TDS output signal filtering.

e The TDS design should be easily transferable for fure generation
printers. The design should not require significant engimge resource
when designing a future generation printer.

* The printer calibration cycle must not significantly reduce the speed of
the printer. The settling time of the sensor must be relagiabt for little
speed impact to the user.

Electro-Optical Design Requirements

* A noise-free input voltage Vcc = +5V) is required to supply the circuit
The input voltage is supplied by the printer’'s coher card.

* An LED driver circuit (including an input PWM signa I) is required to
emit light from the LED. The PWM signal is utilized to develop a

relationship between light reflected from the topatich and output voltage.
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 The output must have a reference voltage A voltage reference is the

standard for most sensor designs (discussed irterha)p

* IR optical components (i.e. the LED and photodiode)nust be able to
detect only IR light and not be affected by ambientlight. Light
interference can cause erroneous detection byhbegiode

* The operational amplifier must provide a rail-to-rail (RRO) output. Most
RRO amplifiers can produce outputs close to th@lywoltage (i.e. £0.2V of
the supply voltage). This is to maximize filtericgpabilities (discussed in
chapters 5 and 6).

Electro-Optical Design Constraints

 Sensor components must have low tolerances for ptindarkness
correction accuracy. As stated previously, the sensor’s accuracyiigarin
reducing print darkness variation.

* The maximum LED current rating is 50mA. This is a standard for most
LED’s of the type used for the design.

* The A/D converter input must have a maximum ratingof 3.3V. This is
the specified rating for the A/D selected.

* The design should be low costThe cost must (at most) balance with benefit
of the sensor application.

Implementation Requirements

* The sensor’s optical housing must have a direct weof the PC drum and

without obstruction from other printer components. Light emitted and

detected must not be interfered for light detectioouracy.
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* A wiper mechanism must be designed to keep the sen's optical window

free of paper dust, toner and other forms of contammation. If the sensor’s
heavily contaminated, the sensor may read an imatzsgignal.

* The sensor must be positioned <20mm away from theCPdrum. The
LED and photodiode must be positioned where theasigan be detected
accurately. Since the signal is a low voltage aligthe greater the distance,
the greater the error in detection accuracy.

Implementation Constraints

« The sensor size must be smaller than 100niniThis is to ensure fit in the
space-constrained printer.  Since the sensor igtigosd around EP
components (where high voltage electro-static atgons take place), the
sensor must have significant distance betweenf itsel other components
(discussed in chapter 6).

The goals for the toner density sensor design areduce print darkness variation
and to mitigate EMI affecting the TDS output signdlhe purpose of the TDS design is

to effectively meet these goals.



CHAPTER 5:NEW TDS DESIGN

The purpose of the TDS design is to provide an ratewsignal for reduction of print
darkness variation and for reduction of EMI frone gensor output signal. The general
concept of the toner density sensor (as descripd®l.W. Pries) is to use an LED to emit
IR light. Light is reflected by the PC drum (unémhand toned) and captured using an IR
detector with a series of electronic componentsdivert detected light (with varying
intensities) into a measurable output voltage.ntR¥arkness is being corrected in real-
time utilizing the data provided by the TDS.

The design chapter is partitioned into six segmeprigit darkness characterization,
EMI characterization, the selection of optical caments, the LED driver circuit
(converts input PWM voltage to light emission), tensor PCB (printed circuit board)
circuit (converts light detected to a measurabléage), and the A/D converter interface
circuit (filters/reduce noise and steps down vadtéy input into the A/D converter).

Reduction in print darkness variation and relatthg design of the TDS to this
reduction is detailed in section 1. Section 2 sigmates EMI properties crucial to
effectively designing the TDS. The optical computsesection (section 3) discusses how
the components were selected based on availabitignufacturer specifications and
printer specifications. The LED driver circuit ¢§en 4) provides the analysis in
designing a circuit that converts PWM voltage teaaiable light source. Section 5 (the

sensor PCB circuit) provide details required toedeine a starter circuit for the TDS.
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Lastly, section 6 (the A/D interface circuit) hassamilar design to section 4;

therefore, selection of components and values &eusked relative to the analysis
performed for the LED driver circuit.

5.1 Design of the TDS to Reduce Print Darknessatan

Print darkness variation in the previous generatiekmark printer was over +8L*.
This was determined by performing cartridge yieddting of three printers and three
cartridges for each printer (totaling nine cartedy The most extreme samples of print
darkness variation produced were 8L*[63] from tlwenmal print darkness. Figures 22,
23 and 24 display the variation for the Lexmark 04@ries. Based on the report, 79% of
the variation is due to part-to-part variation &ido is due to environmental variation
experienced by the cartridge. To reduce part-tb-pariation, the TDS output signal
must be very accurate and must have the abiligatibrate for every cartridge inserted
into a given printer. To accomplish this, patches printed on the PC drum to develop
the relationship between actual print darknessta@adhominal patch darkness.

Since most sensors possess a reference voltageliBereference voltage (i.e.
minimum output) is set to 1.0V. The TDS with nghli emitted and reflected must be
equal to this value. When light is reflected frtme untoned drum, the output must be at
the maximum of 4.8V. The PC drum surface is glosgh a 68% reflectance [63] and
therefore, the LED and photodiode were designedafdrighly reflective surface (as
discussed in section 3). As patches are placeth® PC drum for measurement, the
lightest patch should have the most IR light refidc(relative to the other patches) with
an output voltage closest to the maximum value theddarkest patch should have the

least light reflected with an output voltage cldageghe reference voltage.
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Lightest Sample of Print Darkness for the PreviGeseration
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Figure 22 [63]. The lightest sample of print darksiéor the previous generation printer.
The TDS was not implemented in the printer usegrdoluce this print sample. (Print
defects may appear as a result of scanning thenarigrint sample into this document

for display.)
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Print Darkness of a Nominal Print Sample
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Figure 23 [63]. Print darkness of a nominal prisnnple. The nominal print sample is
utilized to compare dark and light samples. (Pdefects may appear as a result of
scanning the original print sample into this docuatrfer display.)
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Darkest Sample of Print Darkness for the Previoasegation Printer
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Figure 24 [63]. The darkest sample of print daggai®r the previous generation printer.
The TDS was not implemented in the printer usegrdoluce this print sample. (Print
defects may appear as a result of scanning thenarigrint sample into this document
for display.)
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Figure 25 displays the patch/TDS output voltagatm@hship with constant maximum

current emitted by the LED.

TDS Output Voltage vs. Patch Toner Density and tigtensity

4.8V

Output Voltage (V)

Darkest Patch Lightest Patch Untoned
PC Drum
NoLight  Low LED Intensity High LED Light Intensity
Emitted/
Detected

Figure 25. The TDS output voltage versus patclertaensity and light intensity. The
graph shown represents maximum constant light echitv provide the output response
of patches at different gray levels. Also showrthigt the same relationship exists for
variable light intensities emitted and reflecteddmyuntoned PC drum.

To develop the relationship between the untonedif@ and the output response of
the sensor (including its tolerance), a relatiopshust be established between the sensor
and the light emitted. Thus, print darkness catibn is actually a calibration of the
sensor and then the toner density. A linear wighip linking LED light intensity

(based on the LED forward currdigp) and the output voltage has to be established for

calibration accuracy. Therefore, the relationghipwn in figure 25 is actually the same
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relationship needed for the LED light intensity.iniWhum and maximum LED forward

current values are determined by the componengsteel (as discussed in section 3). To
introduce variable light to the LED, a PWM signaiith variable duty cycle) is utilized
and converted to a DC signal for variable ligheiity.

In order to perform an accurate calibration aldon the analog TDS output signal is
filtered and converted to a digital signal. Sitice output signal is a voltage signal, the
detected light is converted to a voltage. Outmlues of the TDS are divided by the
maximum LED light intensity voltage for the reflaote ratio. The reflectance ratio is
taken to mitigate part-to-part variation.

Based on the desired results in printer calibratibe TDS design is divided into
three portions: The LED driver circuit, the detestcircuit and the A/D interface circuit.
The LED driver circuit produces variable light feensor calibration, the sensor PCB
circuit converts the detected light to a measurableage and the A/D interface circuit is
utilized to filter the signal and condition it fdre A/D converter.

5.2 Design of the TDS to Reduce EMI

EP components such as the charge roll, transferR@ drum, etc. are charged to
generate electrostatic interactions for toner feansDue to space constraints, the only
available spacing for the new Lexmark E460 sergesoiplace the TDS between the
transfer roll and the EP frame. Figure 26 is whbeeTDS is positioned. Since the TDS
is positioned within millimeters of the transferllyothe assumption is that these
components may affect the TDS signal. The onlyhaetto characterize the EMI is to
develop a “first-pass” TDS PCB design. It was disred (detailed in chapter 6 section

2) that electromagnetic interference (EMI) affette TDS output signal. In the
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implementation of the sensor for characterizatib&M| (described in chapter 6 section

2), the initial sensor design with no filteringsirielding produced figure 21 (displayed in
chapter 4). Various methods were introduced tagatié the problem (i.e. shielding,
moving the sensor further away from EP componeartd, placing a ground plate on the
sensor); however, none of these options mitigathtl Experience by the sensor (as

explained in chapter 6).

The TDS Implemented in the Lexmark E Series Printer

Cleaner Blade

Toner Adder
Roll

Cleaner Housing
Photoconductor Drum

Lower Developer

1. Sensor Housing
2. TDS PCB
. . 3. LED/Photodiode
EP Frame (Portions Removed for TDS)— ..0uo i 4. Wiper
¥ gt :
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CELEE
.

. Wiper Housing

Transfer Roll

TDS Mounting

J

Figure 26 [63]. The TDS implemented in the LexmBriseries printer. The TDS was
positioned such that there is a view of the PC dwithout obstruction. The TDS was
designed with a wiper to periodically wipe contaarnits from the optical window
(discussed in chapter 6).

Oscilloscope probes were attached to the TDS outpettransfer roll, the developer
roll, and the charge roll. The EP components’ dagasaved for comparison and analysis

of the output signal. The EMI displayed at the T@8put was characterized in Matlab
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to determine its power spectral density (PSD). ufég27 provides the TDS reference

(minimum-no light detected) output with no filtegin

TDS Reference Output with EMI
3.0

00 I I I I
0 0.2 0.4 0.6 0.8 1
Time (ms)

Figure 27. The TDS reference output. The positivise displayed is the result of EMI
affecting the TDS.

To verify the signal’s accuracy, the sampling mats determined based on the
Nyquist frequency for prevention of aliasing.

le. 2B < 1/Ts Eq. 14 with B ~ 83.333kHz Eqg. 15
and Ts = 1us Eq. 16
Therefore, 166.67kHz < 1MHz
Further analysis of the TDS EMI was performed lyliing the discrete-time Fourier

transform (DTFT) via obtaining the fast Fouriemisgorm (FFT) [64].
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N-1 )
X[k =Y \nwg"  Eq. 17 whera\{" =e'#'N  Eq. 18
n=0

N= number of samples (i.Bl = 181) and|n] = sample sequence aKfk] = the DTFT
The DTFT is modeled in Matlab. Figure 28 displtys FFT for the TDS output with

EMI. The peak frequencies and amplitudes displaydidjure 28 are listed in table 1.

FFT of the TDS Output with EMI
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Figure 28. The FFT of the TDS output with EMI iodeled in Matlab. There are
obviously multiple frequencies contributing to Bl experienced by the TDS.

Frequencies Displaying Peak Amplitudes

Tablel. Frequencies displaying peak angdisu The samples are
taken from the TDS output wittag amplitudes selected >0.05V.

F Frequency Amplitude
f1 86614 0.9990
fs 169290 0.2922
f3 251969 0.1475
fa 255906 0.1401
fs 338583 0.1124
fe 346457 0.0897
f; 421260 0.0608
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Therefore, the mathematical representation of tgeat is a sum of seven cosine

functions representing the frequencies displayadbie 1. The TDS output with EMI is
characterized by an additive white Gaussian nof8&GN) summed with a series of
cosine functions.

l.e. TDS_ Output = u(t) * [ A cos@7,t) + A, cos@rf,t) + A, cos@rf.t) +... Eg. 19
+ A, cos@rf ,t) + A cos@rf.t) + A, cos@rtt) + A, cos@rf,t)] + n(t)

wheren(t) = AWGN of zero mean with a standard deviation=1
This EMI is rectified by the op amps in the TDSidaqsection 5). Thus, the output
signal displays only positive values. The signatesnpared to the original FFT of the

TDS output in Matlab (displayed in figure 29).

Amplitude Spectrum Comparison of the TDS EMI anel @haracterization Function
2
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Figure 29. The FFT of both the original TDS EMLput and the characterized signal.

The signals displayed are very similar.
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A low-pass filter will mitigate most of the frequaas displayed in figure 30.

Selecting a cut-off frequency of 70kHz and a pamsdifrequency of 40kHz will generate
an ideal filter to mitigate most of the EMI. Diagkd in figure 30 is the filter design

performed in Matlab.

The Magnitude Response of the Filter Design
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Second-Order Section: 0 I
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Figure 30. The magnitude response of the filtesigie in Matlab. The filter cuts
frequencies > ~40kHz.

The filter is an infinite impulse response (IR} Drder Butterworth filter. The
Butterworth filter has value in that the passbandostly flat than other filters (such as
Chebyshev, and Bessel filters). Considering thatt®S PCB design involves two op
amps (explained in section 5), low pass filtercpthat the feedback portion of each op
amp generates an active second order invertingr.filiThe current TDS PCB design

limits placement of low pass filters; hence thesoeafor filtering to occur on both op
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amps and not just one. The sensor PCB desigrosgstiection 5) details the placement

and selection of components for optimal filtering.

5.3 Selection of Optical Components

Mentioned previously, the optical components choeenthe TDS is the IR light-
emitting diode and the IR photodiode. It has b&mmd that GaAs with doping of
aluminum displays some of the best mechanical ptiegeat fast speeds and low cost
[65], [66], [67]. As mentioned previously, a phtvemsistor was not selected since
photodiodes display a linear characteristic betwésnphotocurrent Igp) and the
irradiance Eg) [68]. This relationship is utilized for the dadation process.

| = F(E.) EQ. 20

CD .
where, E_ = d®, _ radiant_ power

. Eq. 21
dAc.  surface_area

Light Incident on a Surface

Figure 31 [68]. Light incident on a surfadaght emitted
on to a photodiodeface maintains a linear relationship with
its photo currehiy).
The maximum LED forward voltage must be at least (8Wice 5V is the supply

voltage with at most a £0.25V tolerance) and mesalble to emit 40mW of light.

.e. P =l *Vien EQ. 22
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V. ep = voltage drop of a diode = 0.7V @max

andi_ep max= 35MA (explained in section 4)

The photodiode was selected based on its abilitypdosensitive enough for a
detection range of relatively high light power. stlg, the components were selected
based on printer space availability (constraintetisin chapter 4 section 3). The
components selected have peak wavelengths of 94f@nnemission and detection

respectively.

Drawing of a Typical Light-Emitting Diode

ANODE CATHODE

Figure 32 [69]. A drawing of a typical light-emitg
LED. The LED is forward biased for light emission.

Most datasheets reviewed displayed the followinggeaof characteristics for the

LED and photodiode:
* LED maximum current rating: 40-60mA
* Maximum supply voltage: 1.5-7V

* Maximum soldering temperature: 240°C -260°C at 8s-5
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from the surface of resin edge).

Based on these stated characteristics, it is appé#nat these components are very
susceptible to damage under high temperatures. ek#enwin most cases, the TDS design
was determined based on these manufacturer sgifis for flexibility in obtaining the
optical components. Therefore, finding the rigk) was not very difficult.

Some manufacturer limitations of the photodioddude:

* Maximum reverse voltage 20V

* Maximum power dissipation 75mwW

e Maximum short-circuit current 2.4puA

e Maximum dark current 1.6pA

* Maximum soldering temperature: 240°C -260°C at 8s-5

from the surface of resin edge)

The TDS photodiodes’ reverse voltage and maximumepalissipation are within
manufacturer specifications. Since the supplyaggtto the LED is only 5V, the light
detected and converted to current will be <1pAd@scribed in section 5 of this chapter).
Also, the power dissipation will only be in the pkhge. The short circuit current is
equal to the photodiode current (described in sedi) and thus current will be <1pA at
maximum light detection. The dark current [70] garrent flowing through the
photodiode when the LED is not emitting light (iigso = 0). Hence, the manufacturer
limit of 1.6pA will not be detected since this muchrrent will not be detected even at
maximum. Like the LED, the photodiode is also #eres to high temperatures;
therefore, extensive testing must be performedetifyvthese components durability in

operation and when being shipped and stored ireweather conditions.
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The LED and photodiode desired will have a wavelered 940nm. This is to allot

for more light in the IR range. Optical componeintshe lower wavelength range may
allow some lower range wavelengths to get deteckedure 33 displays the typical LED
and photodiode considered. Most LEDs and photedioaf the characteristics listed

above have similar geometries.

IR LED and Photodiode Geometry for TDS Design
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Figure 33 [70]. IR LED and photodiode geometry floe TDS design. The LED and
photodiode many times have the exact same georsietyn. The total component size
for both optical components does not exceed 5miength and 3mm in width, and 4mm
in height (including maximum tolerances). Havingtical components this small will
make it easier to find space in the printer to autmdate the newly designed TDS.

The LED driver circuit utilizes a 5V DC signal tapply the LED and the photodiode
is supplied by 1V DC signal (in the sensor PCBuwtjc The 1V signal is provided by a
resistor divider using the 5V supply (i.¥rer). Figures 34a-d describes LED and

photodiode temperature and wavelength charactevistrespectively for two
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manufacturers. It is noticeable that LEDs and ptlioides share similar characteristics

critical to effective operation. With two manufadr specifications displayed,

characteristics do not change considerably.

LED/Photodiode Temperature and Wavelength
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Figures 34a-d [71], [72]. LED/Photodiode temperatand wavelength specifications.
Temperature and wavelength characteristics of tie and photodiode pair provided by
two manufacturers. The characteristics for manythefse components with similar
manufacturer specifications with identical charesties display almost the same graphs.
The optical components are sensitive to ambienp&gature; however, the normalized

output of the design excludes temperature effeftse peak wavelength transmission is
940nm.
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The optical components are sensitive to ambiemi;lithus an optical housing was

created to filter the light detected by the phobodi. The sensor’s optical housing was
designed and sent to the Materials lab for analisiserify light transmission. The
optical housing only allows transmission of IR ligh800nm and completely blocks
ambient light.

The LED was designed to provide a maximum outpuB8®hA (to be within the
specified maximum LED forward current of 50mA). eThircuit's voltage saturates at
20mA to allow degradation (due to temperature ckargg displayed in figures 34a and
34c). The photodiode (sensor printed circuit bparctuitry was designed to provide a
variable output between 1V and 5V which is lineathvight transmission (discussed in
section 5).

5.4 Design of the LED Driver Circuit

The purpose of the LED driver circuit is to convére input PWM signal (used to
adjust patch darkness for the PC drum) to emittgd.| The LED driver design requires
the following:

* A variable LED output current with a maximum amydie of 35mA DC.

» Afilter design that allows a PWM signal to be certed to a DC signal.

» A fast time constant that allows a rise time <2mg a settling time <5ms for fast

TDS calibration (with negligible notice by the conger).

Initially, an operational amplifier was applied aonjunction with a NPN BJT for
constant current in which a variable voltage sigrat vary the resistance to the LED
changing the LED current; however, it was found ddyminating the op amp and

applying the BJT in active mode [73], the circuianc be cost-reduced and less
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complicated. Figure 35 displays that when the BIAN transistor is in active mode

[74], [75], [76], the voltage supplying the LEDimdependent of LED curreni£p). The
voltage supplying the LED is simply a switch. TeD current is (collector current) is
driven by and approximately equal to the emitterrent (discussed further in this

section).

TDS LED Driver Circuit

TDZ LED
Cathode
iLEDJ/
__| wew
TDS_LED_PWM N Ve //|‘
] i N AN f )
Wpwrn \;II\—\’(
30kHz BE
R2Z o1 —

b
R3 J/E

Figure 35. The TDS LED driver circuit. A filteredign is _applied to convert the PWM
signal to a DC signal. The BJT converts the DGags signal to a DC current.

The LED driver circuit must maintain a rise timers and a settling time <5ms for
fast sampling (which is discussed in the Implem@mtaand Interpretation chapter 6).
This system is modeled to determine optimal resisted capacitor values for this
response with given input conditions (Mgwm @ f = 30kHz frequency).

Laplace transformation circuit analysis [77] isliméd to determine the optimal
settling time. First an equation is derived tadfivis. Kirchoff's Current law [78] is

applied at the nodeé/) before the base of the NPN transistor:

Von Vo _ Vg Ve

Eq. 23
R R, Zy
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Let A, = Amplitude of the square wave inpm.

The transfer functionMg/Vpwm) is found by first separating the term (on the)lahd

factoring out common constants:

\
ﬂ:v_hv_uv_sjvmza[v_hv_uv_ﬂ £q. 24
Rl R2 ch Rl R2 ch Rl

Vowm andVp are isolated to convert the equation into a trarfsfection.

v
oo :Rl[i+i+i]: Ve _ L Eq. 25
VB RZ ch Rl Vme R1(1+1+1j

R, Za R

Z, is substituted with $C to display the equation as a function of the campl

variables;
Ve(s) _ 1 1 _1 1 Ve 1 1 Eq. 26
Von(s) R R£1+CS+1] Vo R|R+RRCS*R,
1,1 .1 , R RR,
R 1 R
Cs
VB(S) _ R,

= Eq. 27
prm (S) Rl + Rz + RlRZClS

The complex variables is isolated to display the equation in a standaadsfer

function form.

1 1
Vi (S) _ RRC, R, _ RC,
== "R TR Eqg. 28
Viun(8) R+R+RRCs R+*R
RR,C, RR,C,

Let D= "R £ 29 ancF = Eq.30  Then Y2(S) - F(

1 1
RR,C, RC, V()

s+D

j Eq. 31
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Vowm IS @ periodic square wave signal having the bemalisplayed in figure 36.

A Periodic Step Function

T, T  TtT

Figure 36. A periodic step function.

WhereT = period of the square wavef{(l/

T, = Duty Cycle*T
A, = peak amplitude of the PWM signal

Figure 37a and b show how the equation for theoparistep function is determined.

Unit Step Function
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Figure 37a. The unit step function with delay$ie step functions
displayed above are summed to get a periodic stegibn.
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The sum of the square functions give:
Aglutu(t-Totu(t-[THT, D-u(t-[2TgHT ]+ )=

o
.—"L”E_ (=1"yu(t-([0 25%. 1Dy Sm+0 .'!"\]T.:,‘Jr[ﬁ 25%-174+0.5m-0 2.‘~]T1)J

m=1 { }

Ag

P e = |

".leT_
Figure 37b. Sum of the step functions. Charazdéion of the sum of infinite unit step
functions with delays to create a square wave.

WhereT;=T-T, thusTi+ To=T
SinceVoun(S) is a periodic step function, utilizing the stegpense characterizes the

actual response of the periodic step function.
i.e.prm(s)=% Eq. 32

Simply taking the step response of the funclfgmgives:

1
s+D

1
s(s+ D)

VB(S)=F( j&*%: A)F[ j Eq. 33

Taking the inverse Laplace functioh™) givesVg as a function of time (from the
frequency domain). The general Laplace transfaonator a term similar tovg is

provided in a typical Laplace transform look-upléab

a
s(s+a)

LYV} = L‘l{ } =1-exp(at) Eg.34

Applying the equation above to the functigg providesvs (time domain equation for

frequency domaiivg).

Lo _AF L[ D
LV} = 2L {S(S+D)}:> Eq. 35
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v (t) :%[1—exp(—Dt)] Eg. 36
The LED forward current desired is 35mA. Since di@de across the base-emitter
junction possess a ~0.7V drop and the input sqware PWM signal was set at 3.3V,
the maximum voltage at the base of the transiststrbe set where the current through

the voltage divider (after the capacitor is >98%rged) is smaller than the milliamp

range for safety purposes.

: . R
ie. Vg =i R +2R2VF,WM Eq. 37

Ve «R*R g 38
Ve R

=i=

Also, the voltage must be large enough to expeeighe voltage drop while having
significant voltage to divide by a resistance twék provide the maximum LED current
of 35mA. Furthermore, the value of the time constdD (equation 29) is dependent on
the values oRy, Ry, andC;. Based on these factors, the values choseR;fd®,, andC;
were 1K), 10kQ, and 1uF. Values of greater orders of magnitudese an increase in
the time constant which in turn slows the respasfsitne LED driver circuit. Values of
lesser orders of magnitude may be utilized; howether current increases by the same
orders of magnitude. This may cause issues otysafetesting and implementation.
Values within the order of magnitude may be eftextior this circuit. The values of
1kQ, 10k, and 1pF are common values easy to calculate renty@ically available for
implementation.

Applying equation 31 in Matlab (code displayed ipp&ndix A) provides time

characteristics foNg that are critical to fast sampling of the TDS. eTmain time
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characteristics observed are the rise time anbingetime.

The step response generated is displayed in fig8ireThe rise time was within 2ms

and the settling time maintained at 3.56ms (leas the 5ms specification limit).

Step Response of the LED Driver Circuit

_ Step Response
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Figure 38. Step response \&. Rise time and settling time are within their gfied
limits of 2ms and 5ms respectively.

After the testing, values selected may be adjudtedreduce electromagnetic
interference (EMI) and other extraneous effects.

The Bode plot of this system shows that this sysgeatable. The Matlab command
“bode(VBdivVpwm)” was added to the end of the Mhtleode in Appendix A. The
resulting graph is displayed in figure 39. Viewtloé Bode plot displays a positive phase

margin (criteria required for stability) and animfe gain margin since the phase never
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crossed -180° [79].

Bode Plot of the LED Driver Circuit

Bode Digram
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Figure 39. The Bode plot of the transfer functiGfVyum.

Lastly, the resistor at the emitter of the tramsiss calculated once finding its
relationship with the LED forward current at thdlector (.ep). The PWM duty cycle
changes/g which therefore changesp. The LED forward currentip) can be found
knowing: the base voltage (from equation 31),wbkage drop across the base-emitter
(which is a diode drop with a maximum voltage dk@p ~ 0.7V) and the resistor at the
emitter R;). As mentioned previously, the emitter currag} (s approximately equal to
the collector currentif) when the NPN BJT is in active mode (i€ i¢).

Since theigp is variable (used to determine TDS calibrationtisg$) with a
maximum of 35mA (as previously determined in sett®); therefore, the resistance is

found by the following equation:
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AF
R, Vs "Vee _ D

[1-exp(Dt)] = vge

Eqg. 39

I LED I LED

Taking the limit as t approaches infinity at 100%éydcycle yields the resistance.

F F

| - exptonl v A v
R, =|im : —R,=——— EQ. 40

too ILED ILED

sinceD = R*R = 1.1(33i Eq. 41
RR,C, QF
F=—1 -10:3-1 Eq 42
RC, QF

Ao = 3.3V for 100% duty cycle
vge = 0.7V
and  i_ep = 35mA = 0.035A
Rs was found to be 65¢Y for a maximum LED forward current of 35mA.
The final values were applied for implementationtbe TDS system card circuit.
Again, values will be selected based on testinglt®sSince the DC component of the
square wave is simply the average of the square weaer the period, the DC component

of the square wave can be used to determiaat any given input PWM duty cycle.

* dutycycledo* F
A7 dutycy [1- exp(-Dt)] - vy

i = D 5 Eq. 43

: : Vg —V
ie. g, =-2—°5

The duty cycle is dependent upon the patch darkdesised. Thus, for every patch
placed on the PC drum, the duty cycle is adjustedhiat particular patch. The output of
the sensor is utilized to develop a linear relaiop between the actual L* (brightness) to

print darkness.
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5.5 Design of the Toner Density Sensor PCB Circuit

The TDS PCB circuit is the only circuit on the PGBthe sensor. The circuit is
basically a detector circuit utilized to convertetged light into a measurable voltage.
The proposed PCB has a maximum width of 20mm anteimum length of 50mm.
Therefore, the sensor circuit components must laively small sized surface mounts.

The sensor circuit requirements are:

Provide a variable output with a maximum of 5V

* Maintain the specified tolerance despite changesnuironment

* The variable output must have a linear relationshth the LED input current

* The sensor must be designed with a 5V DC inputis ®&hthe supplied voltage
available for the sensor design.

* The maximum output voltage must equal to 4.3+0.7Viis is determined by the
maximum 5V supply subtracted by a +0.7V tolerangki¢h again was a random
choice for tolerance until further testing).

The photodiode is capable of producing varying ents as a result of environmental
conditions. Therefore, the output is always norpeal to adjust for this variation.
Normalization also accounts for LED variation aridev extraneous effects on the TDS
while under operating conditions.

To get an output close to the supply voltage, &toaiail Output (RRO) dual
operation amplifier design is utilized [80]. Cahesiing the light-emitting diode (LED)
and photodiode size options based on required sgbuteed for the sensor in the printer
(<5mm for both width and height), a design was tbaibund the LED and photodiode

availability. The following circuit is a generakreuit typically used for sensor detection
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(discussed in chapter 2 section 6). Resistor galuere determined and selected after

determining the relationship betweénpr and Ipp (which is discussed later in this

section).

Toner Density Sensor Electrical Circuit Represeomat

.l kl' T - Ve
20037 0w _ ‘I‘
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} a2 > |
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| LED §7 ifs s oo D N T - — :
B L L o R7 RE :
i al s W T —
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: | & Glm
: —*V2
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Figure 40. The toner density sensor electricaludir The LED light is reflected by the
PC drum and received by the photodiode. The pladedcurrent is reversed-biased and
is converted to a voltage close to the referendeage of 1V (determined by resistor
divider R, and R). The output is then amplified by the second oypd0 a measurable
output voltage (4.3£0.7V).

The photodiode converts received light to a smadfent (wherdpp.max<1pA). The
current is converted to a voltage (output of thstfop amp/o:<1V) and is compared to
the reference voltagd/ger = 1.0V) entering the first op amp (Al) positiventenal. In
order to maintain both the ideal op amp charadterigsvhere V = V) and enough

voltage difference for comparison (betweéés andVger) at the op amp terminals, the

value of Vrer must be close to the value 8§; (Vo1 <1V). Hence\Vrer is set equal to
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1.0V by theRy/Rs resistor divider. The second op amp (A2) amifiee output signal

of A1. Hence, A2 must have the ability to amplifye input signal and provide a
maximum output of 4.3+0.7V at a maximum curren85MA (as stated previously).
The first op amp equation was determined to fireddhtput voltage:
% =~lpp > Vo, = (=l " Rs) +Veee  Eq. 44
whereV :LVCC Eq. 45
R+ R
The second op amp equation is based on the Kirshmffrent law (i.e. current

entering the node betwe&a andRsg is equal to the current leaving the node). The

second op amp equation was found to be:

VREF _Vol :VOZ _VREF :>V02 - Rg VREF (i_'_i]_h Eq 46
R7 R8 R7 RS R7

Substituting the equation Mo, into the second op amp equation gives:

— i i _ (_IPD*R6)+VREF
Vo, = R8|:VREF(R7 + st ( R, H Eq. 47

R
Voz :VREF +1 PD I;—RS Eq. 48

7

The photodiode currentgp) was found using the relationship betwéen andVo,.

R
lep = (Voz ~Vier )* R %8 Eq. 49

6
The TDS maximum output voltage is desired at 20mAhis is to allow more
resolution within the linear portion of the LED ¥eard current and the output voltage.
The photodiode reverse current selected was cabcuta detect up to 0.55uA @20mMA

of LED current (i ep) given the values in the chart below. The curisrtoo small to
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measure; therefore, this value was calculated witbwledge of the sensor component

values. This information was utilized to verifyetichosen resistor values for the actual

Sensor circuit.

TDS Parameters Used to Determine Photodiode Current
Re (k) Rr (k@) | Re(kQ) | Vrer(V) |Voo(V) | lep(HA)
100 2 100 1 5 0.55
Table 2. TDS parameters used to determine phadediarrent. The resistor values were
originally picked to get an output of 5V given that = 0.55pA.

The chart below describes the relationship betwggandigep. The relationship is
almost perfectly linear after testing with the adtaensor developed (details discussed

further in chapter 6). This linear relationshiputdized to develop the TDS calibration

algorithm.
ILep VS. Ipp

0g y=0024x - 0.0017
B =0 5993

fpdd (maiero=-Ampsi

10 15 et 25 20
ILEDY {mulki- Asnaprs)
Figure 41. TDSkp vs. bp. The current of the photodiode was too smalldetection
by a standard ammeter. The current was calculatesving the relationship between
ILED and the sensor output voltage. The followahgrt helped to determine the values
for the op amp design.
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As mentioned in the LED Driver Circuit analysisethDS voltage should max at 5V

@20mA and maintain 5V until the maximum forward remt is reached at 35mA.

Figure 42 displays an example of the TDS Output#D forward current relationship.

TDS LED Forward Current vs. Output

Linear relationship exists
between SmA and 15mA.

VOl Wy

] 4 10 15 20 5 30 35
ILED {mA)

Figure 42. TDS LED forward current vs. output. eTvalues of V4, possess a large
range between 5 and 15 mA; hence, only the mininammth maximum voltages are
referenced in the design of the TDS sensor circlihe slopes and their differences
between 5 and 15mA are referenced to maintain aifsgge linear characteristic for
manufacturers of the finalized toner density sensor

Capacitors were not placed in the op amp circuitl Lan assessment is made
regarding the noise level (due to EMI where thegiess discussed in section 2). This
was determined during testing of the implementest-pass of the sensor in the printer.

Based on assessment of the electromagnetic irdader(EMI) and other possible noise

effects, capacitors will be placed on the feedhjamition of each op amp. Values of the
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capacitors were selected based on the desiretimseof 5ms and settling time of 10ms

and on the filtering capacity of the second order pass filter.
Adjustments to the low-pass filter design are basethe following factors:

* The existing sensor design allows little room fasign changes for
optimal filtering. This is because most LTV sensimrcuits possess
similar circuit designs displayed in figure 40.

* The reference voltage acts as an offset to the dBut. Therefore, the
TDS must be designed to include a reference volageimplemented in
the Butterworth filter design).

» The resistors and capacitors are selected on higjlaof these
components given their surface mount package gizessize 0603) and
cost.

» The filter is also based on the resulting gainshefselected components,
photodiode current and operational amplifier raile.( most RRO
amplifiers are within 0.2V of the supply voltage).

Appendix B displays the analysis for the seconeotchnsfer function implemented.
Equation 67provides the resulting equation for the sensor RE&uit for determination

of the optimal filter design within rise and settitime specifications.

* ReRs Eqg. 67
RsR, RSCSC452 +(RsR,C; + RIRC,)s+ R,

VOZ :VREF + I PD
The capacitances were originally selected baseith@time constantr(< ~1ms) and
availability. The modified circuit with low pas#téring is displayed in figure 43. Code

and analysis displaying the modified EMI reducttarcuit is in Appendix B.
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TDS PCB Modified with Capacitors
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order low-pass filtering of EMI.

Figure 44 is the Bode plot of the transfer functmguired for the circuit above.

Modified TDS PCB EMI Reduction Circuit

Bode Diagram
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Figure 44. The modified TDS PCB EMI reduction aitc The system is stable and the
time constants for each filter are within 1ms.
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This circuit is a second order low-pass filter gitc Chapter 6 section 2 discusses

details regarding implementation of the circuit.

5.6 Design of the A/D Interface Circuit

The A/D interface circuit was designed mainly tduee potential EMI coming from
the sensor cable (as it travels through EP compsrenthe system card) and to step
down the voltage from the maximum output voltagelt@+0.7V (proposed TDS output
value) to the TDS to 2.6£0.7V (proposed A/D inpatue). The A/D converter used has
a maximum voltage input of 3.6V. A simple voltadjeider was applied at the output of

the circuit.

TDS A/D Converter Interface Circuit

TOVIN
e AT CONVERTER
A
Cratput >>_J\£;DV
Rl1
——C5

Figure 45. The TDS A/D converter interfaoeuit. The voltage
divider filters noise from the TDS and stelpsvn the TDS output
to a maximum of 3.3V to the A/bnwerter.

The TDS A/D input is then equal to:

Vaio =V02% Eq. 50

The circuit analysis applied is exactly the samavhat's been done with the LED

driver circuit at the base of the NPN transistég)( The difference is the TDS output
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(Vo2) Is replaced fo, R, is replacedRyg, R is replaced foRy1, andCs is replaced for

Ci. The capacitance will be determined based onntbise level of the sensor.
Originally, Cs was set equal to 0.1uR;p and Ry;; were set to equal 10kand 20K2
respectively. Similar to the LED driver circuit tege divider, values orders of
magnitude lower can be utilized; however, the airnacreases the same orders of
magnitude. As a result, safety of the circuit aodhponent ratings becomes a concern.
Values orders of magnitude higher than the valedscted will slow down the response
time of the circuit. Matlab code was re-applied tlee A/D Interface circuit (Appendix
C). The step response and the Bode plot of the iAt€rface circuit are displayed in

figures 46 and 47 respectively.

Step Response of the A/D Interface Circuit

e Step Response System: urtitied1
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Figure 46. The step response of the A/D interfamiit. The rise and settling times are
within 2ms and 5ms respectively.
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Bode Plot of the A/D Interface Circuit
Bode Diagram
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Figure 47. The Bode plot of the A/D interface uaitc The system is stable with an
infinite gain margin and a phase margin of 107°.

5

The rise time and settling times were equal to hgland 2.61ms respectively. The
Bode plot of the transfer function was also foumd/iatlab (Appendix C). The Bode plot
of the A/D Interface circuit (figure 47) displaysmslar results to the LED Driver circuit.

The system is stable with a phase margin = 107 ‘aandfinite gain margin [79].



CHAPTER 6:IMPLEMENTATION AND INTERPRETATION

This chapter highlights the process of implementimg toner density sensor in the
mono laser printer. Section 1 of this chapter ¢semlevelopment), explains the process
to implement the sensor design into a tangible -efeotronic device. It also describes
the placement of the sensor in the printer. Sec®ias the actual sensor testing. The
three main parts within this section, EMI, quaktfiion and environmental testing discuss
testing procedures and provides the results. TMeté&sting was performed to develop a
design solution which reduced EMI affecting the elondensity sensor’'s output.
Qualification and environmental testing is requitedverify the sensor’'s performance
and/or durability under extreme conditions. Lasthection 3 verifies the sensor’s
effectiveness in reducing print darkness variation.

This chapter demonstrates that the newly desigrie8 met the goals of greatly
reducing print darkness variation and EMI affecting TDS output signal.

6.1 Sensor Development

Once the design was complete, the sensor's PCBRiayas completed in Mentor
Graphics. The resistors and capacitors all ha@d (81], [82] sizes to maintain enough
space on the sensor PCB for LED and photodiodeslaad the dual op amp. The PCB
was then sent to a local PCB parts assembly compaieye a “first-pass” sensor PCB

was developed. PCB components were purchasecateted unto the PCB for testing.
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First-Pass TDS PCB

| SOmmo |
Figure 48. The first-pass TDS PCB. The TDS PCB developed for
an assessment of the TDS output to optimize theakig

The optical housing was designed by a mechaniagahear with polycarbonate resin
thermoplastic. This material is stronger and noueable than glass and Plexiglas. The
polycarbonate material transmits 85% light with el@ngths greater than 700nm (IR
range) at the optical window.

The connector and wires are to bridge between theeps system card and the
sensor. The five pin JST connector was picked daseavailability and any durable
connector that supports four terminals can be usild.of the resistors and capacitors
possess a 1% tolerance for greater accuracy. d3gd®a-c displays the®2sensor

fabricated.

r'Connecfﬂr
from the .
};Lm)n,rim;\',“\

| Circuit to the
& S & Optical Housing
By e w/LED and

e Tt e ] S photodiode inside

A Bo X &
\ TDS PCB w/Sensor

Circuit on the bottom

Figure 49a. The toner density sensor developede TIDS sensor implemented in the
printer. The initial design was a “first pass”werify sensor performance in the printer.
The white connector connects the sensor circuiéxiernal circuits: the LED Driver
circuit and the A/D Interface circuit placed on firenter’'s system card.
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Figure 49b. The TDS éérisof Wih optié:oilm hsing/em'oremoved. The
photodiode is on the left and the LED is on théehtiig Light is emitted and
detected by these components.

Figure 49c. The TDS PCB. A series of resisto @pacitors combined with a
rail-to-rail output (RRO) dual op amp generatesemsurable signal.

Figure 49d. The flnal TDS PCB. The PCB Iayoutr[g&ﬂ due to avoid high
failure rate when IR reflow soldering. The PCBaoWwas changed to avoid
confusion with the previous version.

The sensor’s layout had to change consideringdptital components have lower
failure rate when IR reflowed soldered [83] thamdhaoldered. Optical components are
very susceptible to failure under high temperatdogsdurations longer than 3-5s (as
stated in chapter 5.2). In addition, hand soldgoptical components may have a high
percentage of human error such as weak lead caoongcshorting other components,
poor look, etc. IR reflow soldering was implemehfer TDS manufacturing instead of
wave soldering since wave soldering requires gre@@mperatures. However, it was
found that the current layout can create high failtates (due to the positioning of
components). Therefore, capacitors and resisters votated 90° to allow for faster and
more efficient soldering in manufacturing. Figu@d displays the final layout of the

TDS PCB. The previous layout was adequate onlysiioall volumes and prototyping.



86
However, manufacturing millions of these sensorired the layout change for the

TDS PCB.

Some components of the printer were modified tthit sensor. Figure 26 (chapter 5
section 2) displays the TDS in the printer. Thesse sits under the paper path 18mm
from the PC drum. The TDS is powered (Wac = +5V) only when performing a
calibration.

Teams at Lexmark supplied the necessary A/D coenetdieveloped the code, and
mechanical designs required to run the TDS andadfibration cycle. Several iterations
of running the sensor were utilized to determine rtlecessary changes to code and the
mechanical design surrounding the TDS. After ficlsnges, actual testing of the “first-
pass” TDS circuit began. Several circumstance® wacountered with application of
the TDS. One main problem encountered early ininggswas electromagnetic
interference (EMI) experienced by the sensor duberinter (section 2.1). As a result,
design changes were made to address the issugs the first change made to the sensor
since a measurable signal was not detected aclyugatihe output due to the noise. The
second problem was the sensor’s response in exteawvieonmental conditions. These
two problems, in addition to the qualification tegtare addressed in section 2.3 of this
chapter. At the end of the chapter (section 3)alfiresults are displayed showing
differences in print darkness variation as a restfilimplementing the toner density
Sensor.

6.2 TDS Testing

This section outlines testing in three parts: EMUbuction, qualification and

environmental stress testing. These tests detedrilme performance of the TDS under a
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variety of conditions.

6.2.1. Reduction of TDS Electromagnetic Interfeee(EMI)

Actual TDS testing began to show some drawbackheoinitial design. The first
problem to occur was arcing between the transféramd the TDS. Whenever the
transfer roll was powered on (POR), a visible gypeared until the transfer roll stopped
running. Since transfer occurs in the >£1000V magd the TDS maximum output is
5V, a large potential was generated between the damponents. To address this
problem, the sensor was moved back 2mm from 16mm8tam. This reduced the
arcing problem until the printer was powered on RO An investigation revealed that
when the TDS was POR, the signal displayed wakeaed DC signal. However, when
cartridge components were POR, the noise encapduthe entire TDS output signal
(Voz). Figure 21 (chapter 4 section 2) displays thisynoutput of the TDS. The initial
solution was to add a conductive shield groundimgl Eom the sensor (displayed in

figure 50).

TDS with Conductive Shield (EMI Shield)

ransfer roll
toner density sensor

Lower paper guideMetaI mounting bracket/EMI shield

Figure 50 [63]. The TDS with the conductive EMiedtl. The conductive shield was
removed since arcing occurred between the transiieaind the sensor.
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The conductive shield blocked EMI from the sen&amvever, arcing occurred again

when the transfer roll was POR. It was then detitte make changes to the sensor
circuit design to greatly reduce the noise. Theigtechange required a new TDS PCB.
Observing the FFT (displayed in figure 28 chaptesebtion 2), the frequencies needing
the most filtering were displayed in table 1. Hoee once the sensor circuit from figure
43 (chapter 5 section 5) was implemented, the itiscuesponse time did not meet
specifications. Therefore, to verify the concetbra of noise to mitigate EMI and
maintain a settling time <10ms, capacit@g)(was removed. CapacitoC4) mitigated
most of the noise shown in figure 27 (chapter 3ige?); however, ~700mV of noise
was still present (displayed in figure 50). A slefirst-order filter did not mitigate the
noise experienced by the TDS. After this invesioyg it became obvious for the need

for a second-order Butterworth filter (as recommezhdy Matlab).

Sensor Output Noise Variation Gfer

oG

transfer roll and other
EP components are
charged

OB

Reference Voltage (Vref)

— Sensor 1-C4 anly
— Sensor 2-C3 and C4

oo

] 1 2 3 1 5 & 7 8 g 10

Time (=)
Figure 51. Sensor output noise variation ¢feg¥ The noise amplitude was greatly

reduced by capacitaC,;; however, a considerable amount of noise continoedxist.
The addition ofC; reduced the noise for accurate output filtering.
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The noise was existent withoGt, EMI was mitigated witlC; included; however, the

response was slower. Therefore, an additionaktasbf 1K) (Rg) was added to the
sensor PCB circuit (as displayed in figure 52) #ralcapacitor was reduced to 1uF as it
was found that the sensor response improved withvéalue. Rs was changed from

140k to 137K.

The Finalized TDS PCB Circuit Design

_______________________________________________________________________________
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Figure 52. The modified TDS PCB circuit design.heToriginal circuit design was
modified with two additional capacitors and ondstes.

The circuit design change kept the noise amplimen to under 50mV! Appendix
B details the calculations to develop the filtesetisor PCB circuit.

The sensor layout was completed in Mentor Graparas re-sent to the local PCB
company for fabrication (figure 49d). After filiag modifications were completed with
the sensor PCB, testing was repeated.

To address the sensor getting contaminated witlerpdpst and toner, a wiper
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mechanism was designed to sweep the optical wirafdiwe TDS for accurate detection

of IR light. The final equation fovo, was derived to be:

. RRRC;s+(RR, *RR) £, 51
R7R8R9C3C4SZ +(RIRC,;s+ R RCy)s+ R, .

V02 :VREF +1 PD

When there is no photodiode currehp], there is no light detection (i.&.ep = 0).
The PWM input signal is equal to zero avigh is equal to the reference voltagédr).
As long asVcc = 5V DC is supplied to the sensor, the sensor pvidlvide a ~1V output.
If Vcc is zero, obviouslyVe; is also equal to zero. The Matlab results for shep

response and Bode plot are displayed in figuresns354.

Step Response of the Finalized TDS PCB Circuit

Eep Response
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Figure 53. The modified sensor circuit step respoimhe rise time and settling time are
within 2ms and 5ms respectively.

The circuit shows favorable results once changimeggensor design. The response

time characteristics are within specifications.eBode plot of the sensor PCB circuit is



displayed in figure 54.

Bode Plot of the Finalized TDS PCB Circuit
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Figure 54. The Bode plot of the sensor circuihe Tircuit is closed-loop stable.

The results show that the rise time and settlingetare within specifications (2ms

and 5ms respectively). Therefore, the goal of ielating EMI while maintaining a fast

response is achieved with the design displayedgurd 52. The circuit displayed in

figure 55 is a graph of the TDS cycle used to ddpust darkness.

With the modified circuit, EMI is no longer notidgda and the TDS cycle occurs with
success. Once the TDS cycle is complete (TDS redidn captured in figure 55), the

algorithm utilizes the data to adjust the EP congmbiparameters for adjustment of print

darkness.

conditions, other conditions are applied to asshsessensor’s function under various

stress conditions.

Once the sensor demonstrated that dtidned effectively under nominal
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TDS Trace
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Figure 55. Trace of the TDS calibration cycle.eTIrDS calibration cycle with noise
filtered by the finalized sensor circuit. The ags mentioned in chapter 4 are shown in
the trace. The three patches (light, darker, amkes$t are read from the PC drum twice
in this graph. The lightest patch has the least abltage drop (@2sec and the darkest
patch is read @2.5sec). The cycle lasts approgimnat5s.
6.2.2. TDS Qualification Testing Summary

A variety of tests were performed to verify the TD&rability under various stress
cases. Four characteristics were observed in fmadion testing the TDS: the TDS
output Vo) versus LED forward current £p) linearity, the rise time and settling time,
the TDS output change over life, and TDS failureirtyi an ESD event. Test results
confirm that the TDS is operational under theseouar stress cases. Since the original
design, the maximum sensor output was finalized.8%*0.3V (instead of 4.3+0.7V).
The minimum sensor output was finalized to 1.0+0.@NWstead of 1.0£0.7V). The

change in minimum and maximum output voltages wsneply based on tightened

tolerances and actual resistor values availabte.addition, the change allowed for an
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increase in the maximum voltage based on op ampifgaions (RRO op amp with

<0.2V of the supply voltage 5.0V). The rise and fehes were maintained at 2ms and
5ms respectively. Using a test circuit (displayadfigure 56), the four tests were

performed.

TDS Pulse Power Test Circuit

ILED amplitude @ # LED
= 35ma $
(175ma avg D)
J_l_l_l_  NFN * N
Fi3.
Petiod=200ms Vg (}) .
D.C.=50% - 5 oo
Amplitude = 33V i
& GHD
AN DC @ — @
- TJCC

Figure 56. The TDS pulsed power test circiiifhe circuit is utilized
to capture pulsing TDS output vodVo,) using an oscilloscope.

The circuit sends a square wave which pulses LEReot Both the power supply
and function generator are on for at least ten tesprior to taking measurements (to
allow test equipment to reach steady state). HEsestor is adjusted to generate LED
forward current amplitude of 35mA. The NPN tratwigs in active mode and thus the
emitter current is approximately equal to the axtie current. The current through the
collector (.ep) is a pulsing light source that is reflected by BC drum and then detected

by the photodiode to convert to a measurable palsitput voltage\(o,;) of the same
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frequency as the square wave inpMe, is captured by an oscilloscope. Test results

conclude that the sensor meets the specified tifvatrise time of 2ms and a settling time

of 5ms nominally.

TDS Rise Time Measurement
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Figure 57. Measured rise time of the TDS. The Th&ut Vo) rise time <2ms. The
settling time is also within 5ms. Vp=Vpwm.

The TDS output displays the linear characteriseguired to run the sensor
effectively as theoretically specified in the Desighapter (chapter 5 section 5). The
slope of a given sensor between 5mA and 15mA wengpared. The equation utilized
to determine a comparison for a slope within thegmaof error for print darkness

calibration is provided by the following:

Sope= M Eg. 52
15mA-5mA

V -V,
Yo =| 0210 7025 | E(q. 53
PG (10mA—5mAj a
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Vg,ae —V,
so - 02415 02-10 E . 54
P% (15mA—10mAj a

The slopes are compared to determine the erroe. TOEVo; Vs. I ep slopes must
not exceed the specified error of 0.05 (as stategjuations 55 and 56).

ASope =|Yope-Sope|, ASope < 005 Eq. 55

AYope, =|Jope-Hope,|, Adope, < 005 Eq. 56

Printer calibration relies heavily on the TDS lineharacteristic and thus, the linear
relationship must be as close to linear as posbitiween 5mA and 15mA. Test results

display that the sensor was greatly within therespecified.

| LED VS. V02

L : 1o i3 n a3 30 3
ILED

Figure 58. TDSkp vs. Vo2. TDS relationship between input curreitd) and output
voltage {o.) measured.
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All ten sensors ran >2 million times in the TD&ltest (simulated by the pulsing test
circuit) and maintained the specified output of\48.3V without any occurrence of
sensor failure or sensors falling out of spec. réfoge, the TDS is robust throughout the
one million page vyield printer (assuming a calilmmatfor every page ran, which is the
most extreme case). Lastly, the sensor works weder ESD (electrostatic discharge).
The sensors were tested individually and in theteriduring operation with voltages of
2kV, 4kV, 6kV and 8kV. For every voltage level, &85D signal was pulsed every
second 100 times and repeated. The sensors tesiethined successful operation and
none of the sensors failed or resulted in pooratpmr. There were spikes of voltage in
the sensor’s output and it increased with ESD geltavel; however, these spikes can be

flagged in code and does not affect the accuratlyeoTDS while in operation.

TDS Effects as a Result of ESD @8kV

| |

0 | ? 3 4 5 f : 3 10

time (ms)
Figure 59. The TDS stressed to the maximum ESDvt#tage of 8kV. The spikes can
be filtered in code.

The last range of tests performed was to place siwsors in the printer for
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environmental stress tests.

6.2.3. TDS Environmental Stress Testing
The TDS was tested under a variety of conditionsetafy its performance through
environmental stress cases during calibration dsageafter being shipped or stored in
extreme weather conditions. The sensor was plecedvironments from 90°F and 45%
relative humidity (RH) to 60°F and 8% RH. The sangserformed very well. However,
when the sensor was in 90°F and 90% humidity, éms@r displayed a distorted output.
When simply testing the reference volta¥fgef) and maintaining/cc =5V andVpym =0

(i.e.1pp=0), Vrer displayed the output observed.

Vrer Of the TDS Under High Temperature/Humidity Corutits
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Figure 60. \er of the TDS under high temperature/humidity cowdis. The baseline
voltage is supposed to maintain a constant volt#ge.8+/-0.3V; however, the sensor
output changed over time. The characteristic shisvdue to moisture around the sensor.
As the printer ran (drying the air around the sengsbe sensor gradually dropped to its
steady state voltage [86], [87].

In some of the data, the sensor took over 30 méniateeturn to steady state! It was
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discovered that the sensor is very sensitive toreex weather environments.

Considering that there are consumers that live@sé extremely humid environments (in
locations such as Southeast Asia), a solution e tdetermined.

It was found that the electronic components onpitieted circuit board (PCB) were
very susceptible to error under humid environmen#oisture is getting unto the PCB
causing these distorted results. The solutiontvapply a sealant to the TDS PCB. The
sealant is designed to keep out moisture undeemerenvironments which (as a result)
became a great, cost-effective solution. Afterafidition of the sealanzer displayed a
normal steady DC voltage.

Vrer Of the TDS Under High Temperature and Humidity ditans
with Moisture Sealant Applied to the PCB
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Figure 61. Vger of the TDS under high temperature and humidity ditions with
moisture sealant applied to the PCB. The baselnftage maintains a constant voltage
of 0.8+/-0.3V once applying the moisture sealant.

The sealant coats all of the electronic componehtie sensor and now the sensor

functions properly under more extreme weather dom.
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6.3 TDS Print Darkness Variation Testing

After the TDS passed a variety of tests for prdpection and displayed favorable
results when tested under various extreme enviratsneonditions, the sensor was
finally put to the test in the printer (Lexmark T§5again for print darkness variation
comparison. The newly developed Lexmark T652 ichy#r was ran through life for print
darkness variation and was compared to the preygensration Lexmark T641 cartridge
and the HP 4250 (competitor printer) cartridge. reBhprinters for each model were
tested with three cartridges per printer (equahimge cartridges per printer model). The
following results are displayed in figure 62. Ruaiarkness variation samples between the
Lexmark T641 (figures 22 and 24 from chapter 5ieact) and the T652 were compared
(figures 63 and 64) to the nominal print samplguffe 23 chapter 5 section 1). Figures

22-25 are displayed with Figures 63 and 64 for camspn.

Competitive Darkness Comparison (Average & Variatido)
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Frinter Modsl

Figure 62 [63]. Competitive darkness comparisonwbeh printer cartridge models. The
TDS was implemented in the Lexmark E series thaiegked in the Lexmark T series
printer. Notice the reduction in print darkness!
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The print darkness variation was over +8L* in tlreydous generation printer. The

HP 4250, has a print darkness variation of +4L*eTprint darkness variation with the
toner density sensor in the new Lexmark T652 is tesg than +2L* over the life of a
cartridge! The goal of reducing print darknessiataon to <+5L* was achieved. The

sensor was finally implemented in the new low-eedrhark E series printer.
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Lightest Sample of Print Darkness for the PreviGeseration

Printer
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Figure 22 [63]. The lightest sample of print da&e for the previous generation printer.
The TDS was not implemented in the printer usegrdoluce this print sample. (Print
defects may appear as a result of scanning thanarigrint sample into this document

for display.)
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Darkest Sample of Print Darkness for the Previoesegation Printer
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Figure 24 [63]. The darkest sample of print dagai®r the previous generation printer.
The TDS was not implemented in the printer usegrdaluce this print sample. (Print
defects may appear as a result of scanning thanarigrint sample into this document
for display.)
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Print Darkness of a Nominal Print Sample
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Figure 23 [63]. Print darkness of a nominal priaunple. The nominal print sample is
utilized to compare dark and light samples. (Pdefects may appear as a result of
scanning the original print sample into this docuatrfer display.)
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Lightest Sample of Print Darkness for the Curreah&ation Printer
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Figure 63 [63]. The lightest sample of print dagke for the current generation printer.
The TDS was implemented in the printer used to peedhis print sample. (Print defects
may appear as a result of scanning the originat pample into this document for

display.)
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Darkest Sample of Print Darkness for the Currentggation Printer
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Figure 64 [63]. The darkest sample of print dadei®r the current generation printer.
The TDS was implemented in the printer used to peedhis print sample. (Print defects

may appear as a result of scanning the originat gample into this document for

display.)



CHAPTER 7:ASSESSMENT

The toner density sensor design greatly improved guality. The main focus of the
research was to reduce print darkness variationt@maditigate EMI experienced by the
TDS. Print darkness variation decreased by mae Half! Certainly, there were some
problems during the implementation of the sensdhéprinter. The EMI issue was one
of the main problems. The second order Butterwfitdr design (suggested by Matlab)
for the TDS PCB circuit implemented by a seriestwb active low pass filters
(mentioned in chapter 6.2.1) greatly reduced thel Ekperienced by the sensor to a
negligible measure (<50mV). The circuit analysiade selecting resistor and capacitor
values fairly easy to choose. The closed-loopesydor all the circuits required to run
the sensor (i.e. the LED Driver circuit, the SenB&B circuit and the A/D Interface
circuit) are stable and displayed rise and settiimgs within specifications.

An implementation issue that also occurred wascmate data captured by the TDS
due to moisture in the environment. The problens Wficult to diagnose since the
sensor functioned properly when tested in contdolarm temperature (~78°F) and high
percent relative humidity (~80%). The additiontbé sealant required retesting of the
TDS under the variety of tests mentioned in chapt@re. TDS environmental tests, TDS
life test, and ESD test) to verify the sealanttesfjth under varying conditions. After the
addition of the sealant, test results continuedigplay very favorable results.

The TDS works well in the EP system; however, iturssure how much print



darkness variation is contributed by fusing. ThBSTis utilized before the fusing

process; therefore, print variation can possiblyiaproved if additional sensing was
placed after the fusing process. The other conisetimat the TDS was implemented on
only one side of the PC drum. PC drum is not elytiuniform. The PC drum may cause
erroneous data if it is damaged or very rough endhea of the TDS reflective window
(w.r.t. to the rest of the PC drum).

Halftoned samples are showing excellent results ¢ TDS (figures 63 and 64). It
has also been proven that the TDS works well witbrediffused samples as well [63].
Since the normalized TDS output is utilized to nueagprint darkness of toner on the PC
drum prior to transferring to media (without theeusf look-up tables), future algorithm
adjustments become much easier. With the assumpfia normal PC drum, the TDS
captures accurate real-time data in a vast rangenefronmental conditions, ESD
conditions, and EMI conditions.

Overall, the toner density sensor greatly impropeiit quality by reducing print
darkness variation. The sensor is a great asd#ietprinting system and has since its
implementation, established its place as a greak plarkness calibration tool for future

generation printers.



CHAPTER 8:CONCLUSION/FUTURE WORK

The newly designed toner density sensor has denabedithat it is a great device for
application in reducing print darkness over the ldf a cartridge. L* variation was
reduced by 75% with the TDS implementation (fronb®8 <+2L)! The second goal of
the TDS is to reduce EMI affecting the TDS outpghal once implemented. The new
design has successfully performed this task ands#dresor provides a fast response
unnoticed by the user. Cartridge-to-cartridge atéoon is greatly reduced with a
normalized TDS calibration algorithm. If a partdeanged within a given cartridge,
toner size change over the life of a given car&jdy media type changes, print darkness
is still accurately captured since the TDS captussd-time data. Environmental (or
ship/store weather) conditions, and ESD doesn’'nhiaantly affect the sensor’s
performance. The toner density sensor has edtablisself for future printer generations
to come.

There are some noticeable areas where print quitypotentially be improved. The
TDS only measures reflectance on one small podfdhe width of the PC drum and not
the whole length of the drum. It is unknown if EIffim is uniform-enough to not affect
the actual print darkness calibration scheme. Euturestigations of PC drum uniformity
and its relationship with TDS output will be reviesv In addition, the fuser’s affect on
print darkness variation has not been observedutdxe investigation of print darkness

variation regarding the fuser is also considereduture investigation.
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Some other future work may include the applicattdmeural networks and pattern

recognition in conjunction with the TDS for printealibration [88], [89], [90] or
calibrating multiple halftones in a MFP printer [9This is considering that EMI issues
will continue to persist as print process speedsgh with each printer generation. With
any of these methods, the TDS can significantly glonent these processes as it is a

great asset to current printer calibration processel sub-processes.
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APPENDIX A: LED DRIVER CIRCUIT STEP RESPONSE MATLABODE

%rhe followi ng values are initially chosen for the TDS LED driver
circuit design.

%he values will be selected based on the rise tine, settling tine and
noi se

Yexperienced by the printer once the design is inplenmented.

%/B=Vpwnt ([ Ao*F/ D] *tf([D],[1 D) where Vpwn = step input = tf([1],[1
0])

%WBdi vVPWTE([ Ao*F/ Dl *tf([D,[1 DO])
%=1/ (r1*cl) and D=(r1+r2)/(rl*r2*cl)

Ao=3. 3 % or 100% duty cycle

r 1=1000
r 2=10000
cl=le-6

F=1/(r1*cl)
D=(r1+4r2)/(rl*r2*cl)

VBdi vVpwe[ Ao*F/ D] *tf ([ D], [1 D))

st ep(VBdi vVpwm) %/pwm = step i nput. step(VBdi vVpwr) = VB
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APPENDIX B: CIRCUIT ANALYSIS OF THE TDS PCB CIRCUIT

Utilizing figure 52 from the Implementation and énpretation chapter 6 section 2.1
provides the circuit for determining optimal resrsand capacitor values to maintain the
rise and settling time of the circuit to 2ms andsGespectively. Firs¥/o; (output of op

amp Al) is determined using Kirchoff's Voltage law.

_ _ Vor ~Vier _ _ Vor Veee _ Vo= Ve _ Vo ~Veer Eq. 57
PD_Z //R9+R63IPD_ 1 - Rg - Rg
B Cs Ces 1+RCs
3 + Re 73_’_ Rg SS
1 +R, 1+ R,C;s
C;s C;s

D, \s+Dq

S

Where VREF(s):VCCFS( D J Eq. 58

S:R4+R5 Eq. 59 and, =
R,RC, RC,

Eqg. 60

The equations are given by the resistor dividera&qo derived in chapter 5 section

4. Simplifying the circuit and isolatingo; gives:

- = Vor ~Veer — (Vo1 ~Vier) * 1+ RCy9)
PD
R R
1+ R,C;s

Eqg. 61

~lep (Re) = (Vor ~Vier) * 1+ ReC;5) EQ. 62

_ o5 (Re)

Eg. 63
1+ R.C;9)

o1~ VREF

The output of the second op amp (A2) is determumsedg Kirchoff's current law.

Vor ~Veer :VREF ~Voo — Vor ~Veer — Veer ~Voo - Vor ~Veer — (Veer —Vo2)(A+ R,C,s) Eq. 64
R, R/l Zc, R, R R, Rs
1+R,.C,s
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Substitute the equation f¥%; (equation 63) into the equation above yields:

{VREF - IPD(RG) }_VREF
@+ Recss) — (VREF _Voz)(l"' R8C4S) Eq. 65
R, Re
Voo =Veer + oo PR Eg. 66
R, 1+ R,C;9)(1+ RC,5)
Vo2 =Veer + 1 Ry Eq. 67

' R,R,R,C,C,s* +(R;R,C, + R,R,C,)s+ R,

The Matlab code for the actual sensor circuit spldiyed below. Equations 58 and
67 are the transfer functions utilized to get tteg sesponse and Bode plot of the
modified TDS PCB EMI reduction circuit.

Matlab Code for the Initial EMI Reduction TDS PCB @it
%esi gned EM sensor circuit.

Wref=vcc*([F/ D *tf([D],[1 D) Same transfer function as in the
%.ED Driver Circuit design
%=1/ (r4*c2) and D=(r4+r5)/(r4*r5*c2)

Vcc=5

i pd=0. 55e- 6;
r4=787
r5=196
r6=137000
r9=1000

r 7=2000
r 8=100000

c2=0. 1le-6
c3=1le-9
cd4=1e-9

F=1/(r4*c2)
D=(r4+r5)/(rd4*r5*c2)

Vref=[Vcc*F/ D *tf([D,[1 DO])
xfer=ipd*tf([(r6*r8)],[(r6*r7*r8*c3*c4) (r6*r7*c3+r7*r8*c4) r7])

Vo=xf er
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Vo2=xf er+vref;

bode( Vo)

For the finalized TDS PCB Circuit, the analysislisplayed in equations 58-74. This

replaces the analysis displayed in equations 6above.

1. = Vor ~Veer — (Vo1 =Veer) * @+ R,C;9) Eq. 68
P R+R+RRC;s R +R +RRC;s '
1+ R,C,s

— e (Ry + Ry + RERC;8) = (Vi —Virer) * 1+ RCy8) EQ. 69

Vo =y - lRFRFRRCS Lo o
L+ RC.9)

The output of the second op amp (A2) is determursdg Kirchoff's current law.

V01 _VREF =VREF _Voz - V01 _VREF — VREF _Voz — V01 _VREF — (VREF _Voz)(1+ R8C4S) Eq. 71
R, R 1 Ze, R, Rs R, Rs
1+R,C,s

Substitute the equation f¥; (equation 70) into the equation above yields:

P _uu&+&+&&%$}
REF 1+ R,C;9) - - Veer ~Vo2)(A+ ReC,9) Eq. 72
R, R ’

Vo =y +mRRFIRFRRCS oo
R, 1+ RC9A+RC,9)

. RRRCs+(RR *RR) £q. 74
R7R8RQCSC452 +(RIRC, + RR,C;)s+ R, .

V02 :VREF +1 PD

The Matlab code for the actual sensor circuit spldiyed below. Equations 58 and
74 are the transfer functions utilized to get ttegp sesponse and Bode plot of the sensor

PCB circuit.
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Matlab Code for the Step Response of the Sensor@&RBit
%Act ual sensor circuit.

Wref=vcc*([F/ D *tf([D],[1 D) Sane transfer function as in the

%.ED Driver Circuit design
%=1/ (r4*c2) and D=(r4+r5)/(rd4*r5*c2)

Vcec=5
i pd=0. 55e- 6;

r4=787
r5=196
r6=137000
r 9=1000

r 7=2000

r 8=100000
c2=0. 1le-6
c3=le-9
cd4=le-6

F=1/(r4*c2)
D=(r4+r5)/(rd4*r5*c2)
Vref=[Vcc*F/ D *tf([D,[1 D)

xfer=ipd*tf([(r6*r8*r9*c3) (r6*r8+r8*r9)],[(r7*r8*r9*c3*c4)
(r7*r8*c4+r7*r9*c3) r7])

Vo2=Vr ef +xf er
st ep(Vo2)
bode( Vo2)
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APPENDIX C: A/D INTERFACE CIRCUIT STEP RESPONSE MAAB CODE

% he follow ng values are initially chosen for the TDS A/D Interface
circuit design.

%rhe values will be selected based on the rise tinme, settling tinme and
noi se

%experienced by the printer once the design is inplenented.

Wad=Vo2*([F/ D *tf([D],[1 D) where Vo2 = step input = tf([1],[1 0])
Waddi vVo2=([ Vo2a*F/ D *tf([D],[1 D))
%=1/ (r 10*c5) and D=(r210+r11)/(r10*r11*c5)

Vo2a=5.0 %anplitude of Vo2
r 10=10000
r 11=20000
c5=0. le-6

F=1/(r 10*c5)
D=(r10+r11)/(r10*r11*ch)

Vaddi vVo2=[ Vo2a*F/ D *tf([D],[1 D])
st ep( Vaddi vVo?2) %/02 = step input. step(Vaddi vVo2)= Vad



