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ABSTRACT 

When a bar code symbol is passed over a scanner, it is struck across by a fast 

moving laser beam. The laser light is scattered by the bar code. The total scattered power 

is modulated by the reflectivity of the bars and spaces in the symbol. A fraction of the 

scattered light is collected and focused onto a photodetector that converts the light 

variation into an electronic signal. The electronic signal is then digitized for analysis by a 

computer. 

The scanning and detection process can be modeled by a convolution of the laser 

beam profile and the bar code reflectivity function. The switching between states in the 

digitized bar code signal, which represents transitions from a space to a bar or vice versa. 

is determined by a zero-crossing point in the second derivative of the analog signal. The 

laser profile acts like a smoothing function. It blurs the analog electronic signal. If the 

width of the laser profile is less than the minimum width of bars and spaces in the bar code 

reflectivity function, the transition point is not affected by the location of its neighboring 

edges. If the laser profile is wider than the minimum width in the bar code, the transition 

point can be shifted due to the locations of its neighboring edges. The behavior of the shift 

of transition is analyzed here for all cases in a UPC symbol. It is found that the amount of 

shift in the transition point is almost the same for several different cases within the depth 

of field of the scanner The knowledge of the behavior of transition point shift can be used 

to accurately compensate printing errors in an over-printed bar code. 



The modulation transfer function (MTF) of bar code scanning is the Fourier 

transform of the marginal Rinction of the scanning laser beam. The MTF through focus for 

a scanning system is presented. By using an aperture with central obscuration in the laser 

focusing system, the high frequency resolution of bar code scanning can be enhanced and 

the depth of field of the scanner can be extended. 
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1 INTRODUCTION 

Most people living in The United States have been in a supermarket, such as 

Safeway in the West and Kroger in the South. Most supermarkets have more than ten 

checkout lanes where a customer purchases items in the shopping cart. A typical setting of 

a checkout station is shown in Figure 11.' When a cashier passes an item over an 

apparatus known as the scanner that is usually located at the end of the conveyer belt, a 

beep sounds and the description and price of the item is displayed, all in a fraction of a 

second. This means that the scanner checkout system has identified the item by reading a 

bar code symbol on the package. The package that is held by the checker in Figure 1 1 

with her right hand has a bar code symbol on the front side. The scanner in Figure 1 1 has 

two partially overlapped " <" open slots in the top plate. It is usually installed into the 

checkout stand such that its top plate is tlush with the surface of the conveyer belt to ease 

the sliding of items during scanning. The larger apparatus to the right of the checker that 

has a key pad is a transaction terminal. 



Figure 1.1. A checkout station in a supermarket. The scanner has two 
partially overlapped "x" open slots in the top plate. The larger 
apparatus to the right of the checker is a transaction terminal. 
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A bar code symbol is a sequence of dark bars on a light background, or the 

equivalent of this with respect to the diffuse light reflecting properties of the surface A 

full bar code of the type that is commonly seen on a package in a supermarket is shown in 

Figure 1 2. The numeric information is encoded in the relative widths of the dark bars and 

light spaces. Over 85% of the items in a typical large supermarket in the United States are 

sold with a bar code on them * The other 15% are mostly produce such as fruits and 

vegetables that are difficult to mark with a bar code. The most widely used bar code in 

retail stores is the Universal Product Code (UPC). The bar code in Figure 1.2 is a UPC 

symbol. The structure and encoding details of the UPC symbol are presented in Chapter 2 

12345 67890 

Figure 1.2. A typical bar code on a package. 
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1.1 A Scanner Checkout System 

Every supermarket checkout lane is equipped with a bar code scanner checkout 

system. The system is typically comprised of a transaction terminal, a bar code scanner, a 

printer and a display A transaction terminal is usually a Personal Computer (PC) with a 

special keyboard and a cash drawer. The terminal is responsible for communicating to a 

central computer and driving a printer and a display A block diagram of a typical scanner 

checkout system for reading a bar code is shown in Figure 1 3. A bar code scanner is an 

optical apparatus that reads the code by scanning a focused laser beam across the bar code 

and detecting the time-varying optical power of the back-scattered light. A typical scanner 

consists mainly of a focused laser, a spinner, a set of pattern mirrors, a detection system 

with a collector and a photodetector, video amplifier, candidate selector and a decoder 

The photodetector converts the light variations into time-varying electronic signals that 

are subsequently amplified, processed and digitized. The "candidate select" block identifies 

a segment of the digitized signal that contains bar code information and feeds it into the 

decode block. The processor in the decode unit is programmed to convert the digitized 

relative widths of dark bars and light spaces into numbers It also determines whether 

there are enough valid segments to construct a fiill symbol. Once a complete bar code 

symbol is decoded, the numbers are sent to the transaction terminal. Those numbers are 

then communicated to a central computer and compared to a price look-up table. If a 

match is found, the description and price of the item is communicated back to the terminal 

and then displayed and printed. The inventory is automatically updated 
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1.2 The Invention of Bar Code and Scanner 

The first bar code and its scanner were proposed by Norman Joseph Woodland 

and Bernard Silver in 1949 Twenty years later the first feasible bar code scanner was 

installed in a commercial application by Computer Identics Corporation co-founded by 

David J. Collins. An interesting and dramatic replay of the history of bar codes and their 

scanners is depicted by Tony Seideman. ' An excerpt of the most exciting events are 

provided here. 

A significant step toward today's bar codes came in 1948, when Silver, a graduate 

student, overheard a conversation in the halls of Drexel Institute of Technology in 

Philadelphia. The president of a food chain was pleading with a dean to undertake 

research on capturing product information automatically at checkout His request was 

turned down. Silver mentioned the conversation to his friend Woodland, a twenty-seven-

Bar Code 

Scanner 

Candidate 
Sclccl 

Look-up 

Cash 
Drawer 

\'ideo 

Amplifier 

Transaction 

Terminal 

Printer 

Spinner 

Pattern 

Mirrors 

Figure 1.3. A bar code scanner checkout system. 
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year old graduate student and teacher at Drexel. Woodland was fascinated by the problem 

His first idea was to use patterns printed with inks that would glow under 

ultraviolet light. Woodland and Silver built a device to test the concept. It worked, but 

they encountered problems ranging from ink instability to printing costs. After several 

months of experimentation. Woodland came up with a linear bar code based on elements 

of two established technologies: movie sound track and Morse code. 

To generate a bar code, he just extended the dots and dashes in the Morse code 

downward and made a series of narrow and wide lines. To read the data, he made use of 

Lee de Forest's movie sound system from the 1920s. De Frost had printed a pattern with 

vaPr'ing transmittance at the edge of the film, then shone a light beam through it as the 

picture ran. A sensitive tube on the other side of the film translated the variations in 

brightness into electric waveforms, which were in turn converted to sound by loud 

speakers. Woodland planned to adapt this system by reflecting light oflFhis narrow and 

wide lines and using a similar tube to convert the light variation into electric waveforms. 

The concept of bar code scanning for automatic identification purposes was 

proposed by Woodland and Silver in a patent application filed in 1949 A Patent, titled 

"Classifying Apparatus and Method," was granted in 1952 as U.S. Patent No. 2,612.994 "' 

This patent contained many of the concepts that would later appear in bar code and 

scanning system designs. 

In 1951, Woodland joined IBM, where he hoped his scheme would flourish. The 

following year he and Silver set out to build the first actual bar-code reader in the living 

room of Woodland's house in Binghamlon. New York. The device relied on two kev 



elements, a five-hundred-watt incandescent light bulb as the source and an RCA 935 

photomultiplier tube, designed for movie sound systems, as the reader. The device was the 

size of a desk and had to be wrapped with oilcloth to keep out ambient light. 

The next advance in automatic identification came out of the railroad industry 

Keeping track of freight cars was one of the most complex tasks the railroad industry 

faced. In the early 1960s, it attracted the attention of David J. Collins who went to work 

for Sylvania after graduating from MIT in 1959. He used groups of orange and blue strips 

made of reflective material, which could be arranged to represent digits 0 through 9 Each 

car was given a four-digit number to identify the railroad company that owned it and a six-

digit number to identify the car itself When cars went into a yard, readers would flash a 

beam of colored light on to the codes and interpret the reflections. The Boston & Maine 

conducted the first test of the system in 1961. Railroad carriers started to install scanners 

in 1970, and the system worked as expected, but the computer it required was simply too 

expensive. 

Collins foresaw applications for automatic coding far beyond the railroads, and in 

1967 he presented the idea to his bosses at Sylvania. He was turned down. Collins quit 

and co-founded Computer Identics Corporation. The system built by Computer Identics 

used lasers as the source, which in the late 1960s were just becoming affordable. The 

performance of a one-milliwatt He-Ne laser could easily surpass that of Woodland's five-

hundred-watt bulb A thin stripe of laser beam moving over a bar code would be absorbed 

by the black stripes and reflected by the white ones, giving the scanner sensor a clearer 

edge of black/white transition. Laser based systems could read bar codes from a few 
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inches to several feet away, and they swept the laser beam back and forth hundreds of 

times a second, giving the bar code reader many looks at a single bar code at different 

angles. The multiple scanning increased the speed of reading a bar code and improved the 

success rate of deciphering scratched and torn labels. These systems established the basic 

concept of a laser bar-code scanner. 

In the spring of 1969 Computer Identics installed its first two systems, which are 

probably the first true bar code scanners anywhere. One went into a General Motors plant 

in Pontiac, Michigan, where it was used to monitor the production and distribution of 

automobile axle units. The other went into the distribution facility run by General Trading 

Company in Carlsbad, New Jersey, to help direct shipments to the proper loading-bay 

doors 

The success of Computer Identics proved the potential for bar codes in industrial 

settings, but it was the grocery industry that provided the impromptus to push the 

technology forward. 

In mid 1970. representatives of various grocery manufacturers and supermarket 

chains formed an ad hoc committee to investigate the possibility of applying a code 

symbol to all grocery items. This would allow automatic identification of a product at the 

checkout counter This committee, the Uniform Grocery Product Code Council, Inc., 

established a subcommittee, whose purpose was to solicit and review suggestions from 

vendors for a standard product code to be applied to all supermarket items It also set 

guidelines for bar-code development, such as 



1 The code should contain 10 decimal characters (this was later changed to 12) 

2 The symbol should be scannable omnidirectionally (scannabilitv should be 

independent of the orientation of the symbol relative to the scanning device) 

RCA was already moving to assist the industry A special group went to work at a 

RCA laboratory after RCA executives had attended a grocery meeting in 1966 The 

Kroger grocen.- chain volunteered itself as the test site In the spring of 1971 RCA 

demonstrated a bull's-eye bar-code system at a grocerv-industrv meeting IBM executis es 

at that meeting noticed the crowd that RCA was drawing. Then. .Alec Jablonover. a 

marketing specialist at IBM. remembered that his companv had the inventor of the bar 

code on staff Soon Woodland was transferred to the IBM facility in North Carolina. 

where he played a prominent role in developing the most popular and important version of 

the technology the L'niversal Product Code 

Se\ en equipment manufactures responded to the committee's request w ith 

proposed symbols, several of which are illustrated in Figure 1 4 ' .A massi\ e svmbol 

evaluation was undertaken including laboratory tests by Battelle Memorial Institute, 

printing tolerance tests assisted by the Graphic .Arts Technical Foundation, printability 

tests by participating grocer\' manufacturers, and store tests of complete working systems 



SAMPLES OF SYMBOLS PROPOSED 

1 : 

#4 mw 
•Ta»4SA7*t 

54 36 ai 92 71 

a?a"i5 
B?(3'gD 

nm<i 00033 

12345' 6789 

Figure 1.4. Proposed bar code symbols. 



RCA continued to push its bull's-eye code. In July of 1971 it began a test in a 

Kroger store in Cincinnati. Ohio It turned out that printing problems and scanning 

difficulties limited the usefulness of the bull's-eye code. In the printing process, ink 

sometimes smeared in the direction that the paper ran. When this happened to bull's eye 

codes, they did not scan properly. On the other hand, with the UPC, any extra ink flows 

out of the top or bottom and ink smear has less impact on the width of a bar. Eventually, 

on April 3. 1973. the technically advantageous Universal Product Code was adopted An 

example of the most commonly used bar code in retail, the UPC version A symbol, is 

shown in Figure 1.2. 

Two technological developments of the 1960s made scanners with acceptable 

performance simple and affordable. These developments were inexpensive lasers and the 

emergence of integrated circuits. On June 26, 1974, all tests were done, and at a Marsh 

supermarket in Troy, Ohio, a single pack of chewing gum became the first retail product 

sold with the help of a scanner. By mid-1981 10% of the grocery stores in the United 

States were equipped with scanners. Today this figure is over 60%. 

1.3 Improvement of Bar Code Scanners 

Over the years, bar code scanners have evolved several generations. The first 

scanners only read bar codes located at the bottom of the package. The desire for higher 

checkout throughput led to the development of scanners with more complex scan patterns 

that could read a bar code located on the bottom or located on the leading side of the 

package This is illustrated in Figure 1 5 This advancement decreases item manipulation 
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required to make the bar code to face downward so that it can be "seen" by the scanner 

and, hence, increases the throughput of checkout. 

Since its introduction in 1992, the NCR 7870 Bi-Optic Scanner revolutionized the 

high-performance scanning in retail industry. It has two scan apertures, one vertical and 

one horizontal. It is presented in Figure 1.6. Typically, it is installed in a checkout counter 

in such a way that the vertical scan window faces the checker. It is capable of reading a 

bar code on any one of the four sides of an item, the bottom, left, right and the side that 

faces the vertical scan window. The NCR 7870 Scanner minimizes item manipulation and 

orientation and significantly increases the throughput of checkout. 

The advancement in VLSI technology and microprocessors has led to much faster 

and more sophisticated decoding processing. Today, more than 85% of coded items can 

be read the first time they are passed through a high-performance scanner. The total 

percentage of successflil reads of coded items can be in the mid 90% if items are passed 

through the scanner a second or third time after an unsuccessful read. One of the reasons 

for the diflRculty in reading some bar codes is that about 10% of bar codes in a typical 

store are defective. Defective bar codes are due to the printing being too small in size, too 

much ink-smear, too low in contrast, etc. More passes of defective bar codes over the 

scanner increases the probability of successful decoding. 

Even for a perfectly printed bar code, there are three fundamental limitations to the 

performance of a supermarket scanner systems. The ability to read a bar code depends 

directly on the total power of the scanning laser, the spot size of the laser beam relative to 

the width of a bar and substantial noise sources in the photodetector and amplifier The 



laser power of a scanner classified as laser product Class Ila (US) and Class 1 (Europe) 

limited to less than 1 mW by the laser safety regulations of the United States and other 

countries and. hence, imposes an upper limit on available signal/'"^ 
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Package 

Bar code at bottom 

Scanner top 

Laser beam 

Bottom reader 

»• Item sliding direction 

— 

Bar code on the side 

\ 
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X^Laser beam 
Package 

\ 

Scanner top 

Side and bottom reader 

Figure 1.5. A scanner that can read a bar code at the bottom of the package as well 
as a bar code on the side. 
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Vertical Window 

Horizontal 
Window 

Figure 1.6. The NCR 7870 Bi-Optic Scanner. The two scan apertures can read bar 
codes on four sides. 

1.4 Depth of Field of a Scanner 

In order to read bar codes with high reliability, the laser beam spot size (full width 

at Me') should be less than the minimum width in the bar code. For a UPC symbol, the 

minimum width is 8 mils (200 (im).'' Scanners that are capable of reading a bar code on 

different sides of an item, as shown in Figures 1.5 and 1.6, are required to read bar codes 

over a range of a few inches. This in turn requires that scanners read bar codes out of the 

focus of the laser beam, where the laser spot size may be wider than a bar of minimum 

width This requires the scanner to have a depth of field, as shown in Figure I 7 Generally 

speaking, the depth of field of a scanner is the distance along the laser beam, centered 

about the focal point, over which a bar code can be reliably read. Usually, a correctly 

printed bar code can be read with a 100% success rate near the focus of the scanner ,A.s 



the bar code is moved away from the focal plane along the laser beam, the percentage of 

successful reads do not decrease significantly until the bar code reaches a point where the 

beam spot size is too large to resolve the minimum width of the bar code 

Stop 

Focal Plane 

Spot too 
large Focusing Depth of Field 

lens 

Figure 1.7. The depth of field. 

For a Gaussian beam that underfills the stop of the focusing system, the diffraction 

by the system can be neglected. The Me' radius vi-' at a distance r from the waist of Me' 

radius vi-,, along the propagation axis is 

i f  =  u '  , |  1 - 1  r  i  i  ( l . i )  
v / t w : y  :  

Equation (1.1) can be rearranged to express the depth of field z for a given beam 

radius u', as 
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The end of the depth of field is a region, over which the percentage of successflil 

read of a bar code decreases significantly as the bar code is moved further away from the 

focus. In that region, the spot size of the scanning laser beam can be as much as twice the 

minimum width of the bar code. The laser beam covers a one-module bar and its 

neighboring one-module space simultaneously. The amplitude of bar code signal is 

decreased. 

We assume that the limit of the depth of field occurs where the Me' diameter is 2 

times the minimum bar width h. i.e.. 2w = 2b. If we differentiate Equation (12) with 

respect to vr,, and set it to zero, we have 

2vi',,H'- - 4n'J = 0 . (1.3) 

If we substitute w = h into Equation (1.3), we find that the root is 2u'„ = \2A. For 

this ma.ximized condition, the total depth of field is the sum of the and 

components in Equation (1.2). We have 

The requirement of reading a minimum-width bar over the depth of field produces a 

specific laser spot size at focus in order to maximize the depth of field. 

When a bar code is scanned by a fast moving laser beam, the scattered light is 

collected by a lens or a mirror and focused onto a photodetector. The detector converts 

the light that is modulated by the reflectivity of the bars and spaces into a time-var\'ing 

photocurrent signal. Figure 1 8 illustrates the analog processing of the bar code signal for 



a single space sandwiched by two bars. For simplicity and clarity, in Figure I 8 we use a 

laser of spot size smaller than the width of the space. The photocurrent signal is shown in 

Figure 1 8 (a). In regions (1) and (5), the laser beam is absorbed by the bar In region (3), 

the laser beam is reflected by the space resulting a higher photocurrent value. The laser 

beam moves from the first bar into the space in region (2) and moves from the space into 

the second bar in region (4). The photocurrent signal is converted into voltage variations, 

amplified and filtered. Then the first and second derivatives are produced. The peak and 

trough of the first derivative representing the upward and downward transitions, 

respectively, are compared to positive and negative thresholds as shown in Figure 18 (b) 

In the figure the thresholds are set to arbitrary values of 0.4 and -0.4. If a peak is higher 

than the positive threshold, the system will seek a zero-crossing in the second derivative as 

shown in Figure 1.8 (c). Upon the detection of the expected zero-crossing at point a or b, 

the transition of the logic state is set in the recovered bar code signal, as shown in Figure 

18 (d). We use the zero-crossing point in the second derivative instead of the highest 

slope point in the amplifier output because the second derivative has a higher slope at the 

zero-crossing point, which gives a higher accuracy of locating the transition edge. 

Figure 1.9 shows the signal from a space of the same width as that in Figure 1.8, 

only scanned by a laser of a spot twice the size of the laser in Figure 1,8. As the laser spot 

becomes larger, the peak and trough in the first derivative start to merge together Thus, 

the levels of the first derivative peak and trough will decrease, as demonstrated in Figure 

1 9 (b), where the laser spot is modeled at one extreme of the depth of field When the 

peak falls below the threshold, the information of transition edge is lost 
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Over the years, people have developed new technology to extend the depth of 

field Scanners of multiple foci have been proposed, developed or marketed, including 

autofocus, dual or triple foci, holographic, and multiple source scanners/* '"" However, all 

of the above approaches add complexity and cost to the scanner. 

Threshold 

£2 -0 5 Thresho d 

Figure 1.8. Analog signal processing Tor a space in a bar code. The abscissas have 
arbitrary time scale. Plot (a) shows the photocurrent of a space. Plot (b) 
demonstrates the comparison of the first derivative peak level to a 
threshold. Plot (c) shows the zero-crossing in the second derivative occurs 
in the region where the first derivative peak is higher than the threshold. 
Plot (d) presents the digitized space signal from the zero-crossing points. 
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Figure 1.9. Analog signal of a space in a bar code at the end of depth of field. Plot 
(a) shows the photocurrent. Plot (b) demonstrates the comparison of the 
first derivative peak level to a threshold. Plot (c) shows the zero-crossing in 
the second derivative. Plot (d) presents the digitized space signal from the 
zero-crossing points. 

1.5 Bar Code Signal Blurring 

We refer to the phenomenon of signal reduction at the extremes of the depth of 

field as signal blurring in analogy to the signal processing when the time response of the 

filter is wider than the pulse width When the bar code signal is blurred, not only the peak 

level of the first derivative is reduced, but also error is introduced in determining the edge 

of a transition. The peak position of the first derivative is shifted, as shown in Figure 1 10 
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Note that the amplitude and location of the peaks in the first derivative signal of the space 

are changed compared to first derivative signals for two isolated transitions. 

Original bar code 

•o 
-0 2 

Ll 
-0 4 

-0 6 

-0 8 

2 5 •2 0 5 1 5 2 3 1 5 -0 5 0 1 1 
X 

Figure l.IO. The first derivative of the bar code signal representing a space for the 
case of A = I is plotted in solid. The original space function is also 
plotted. The two curves in dotted lines are the first derivative signals as 
if the other transition does not exist. Note that the peaks of the first 
derivative are ofiset from the ideal values at x = 0 and .v = 1. 

The study presented here addresses quantitatively the amount of error introduced 

by signal blurring for different combinations of a UPC bar code It shows how the peak 

amplitude of the signal decreases as the amount of blurring becomes larger It is 

discovered that there is a high degree of degeneracy in the cases with blurring errors It 

shows that it is not only feasible to correct the error due to blurring, but also feasible to do 

the same error correction for a number of different cases This can be the first step tow ard 
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a better understanding of the limits of scanner performance and achieving performance 

beyond current boundaries of the depth of field. 

One example is the analysis of the signal from a bar code with print defects, where 

the bars are consistently wider than spaces of the same intended widths. This kind of bar 

code is referred to as over-printed because it is caused by ink spreading in the press-print 

process. A segment of a typical over-printed bar code is illustrated in Figure 1.11. In the 

figure all bars and spaces are numbered in sequence. Bar (3), space (4) and bar (5) are all 

designed to be only one module wide. Bars (3) and (5) are much wider than space (4) 

because this bar code is severely over-printed. 

1 2 3 4 5 6 7 8 

One module 

Figure 1.11. A segment of over-printed bar code. 

Conventional wisdom would predict that to resolve the small space (4) a scanning 

laser beam with spot size not substantially larger than the width of the space is needed. 
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Once the small space is recovered, a correction can be applied to all bars to correct the 

over-printing before the bar code signal can be successfully decoded. The work presented 

here reveals that, when an over-printed bar code is scanned with a laser beam of a spot 

size larger than that of the small space (4), the signal representing the two bordering 

transitions of space (4) is blurred. The recovered transition edges are shifted in such a way 

that the width of space (4) appears to be wider than it is. That is, blurring tends to correct 

the printing error for narrow space (4). However, the transition edge between a wide bar 

and a wide space, such as that between bar (1) and space (2) is not shifted because the 

signal representing that transition is not blurred. This finding could expand the range of 

depth of field over which over-printed bar code signal can be correctly compensated to 

yield a successful decoding. 

In order to facilitate later discussion, a brief description of a UPC bar code is 

provided in Chapter 2. In Chapter 3, the optical considerations in the design of a bar code 

scanner are described, and the depth of field of a scanner is discussed. The study of signal 

blurring for a bar code is then presented in Chapter 4. In Chapter 5, the modulation 

transfer function of bar code scanning is presented. Experimental results are discussed in 

Chapter 6, where the effects of blurring in a real bar code signal are studied and the 

possibility of correction is discussed. Chapter 7 concludes this work with suggestions for 

future development. 
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2 THE UPC SYMBOLOGY 

The bar code familiar to most people in the United States is the Universal Product 

Code (UPC), which is widely used in the retail industry. It appears on over 85% of items 

sold in supermarkets. 

2,1 Character and Symbol Structure 

The standard UPC symbol is in the form of a series of parallel light and dark bars 

of different widths. A light bar of high diflfijsive reflectivity is also referred to as a "light 

space" or simply a "space" A dark bar can also be simply referred to as a "bar" Each 

character in the symbol is independent. Each character is made of 7 data elements. A data 

element is called a "module". Each character is represented by two dark bars and two light 

spaces. Individual bars or spaces may be 1,2, 3, or 4 modules wide. In Figure 2.1, the 

character structure of number "6" and "0" is demonstrated.** 

The standard version A symbol, shown in Figure 1.2 in Chapter 1, consists of 12 

characters. The symbol can be divided into two independent halves. There are 6 characters 

in the left half of the symbol and 6 in the right half The left-half symbol is encoded with 

left-hand characters, which have an odd number of modules in two dark bars. The right-

half symbol is made of right-hand characters, which have an even number of modules in 

two dark bars. This scheme provides an "odd" and "even" parity encoding for each 

character and is important in creating, scanning and decoding a symbol. The left and right 
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halves are independent, that is, each half can be read independently of the other half and 

then combined to yield the full UPC code. 

Dark Bar ^ 1 Character • 

Dark Module 

1 Character • 

Light Module-

7 Modules 

2 Bdrs/2 Spaces 

The Above 
Character 
Represents a 
Left Hand "6" 
Which is 
Encoded 0101111 

7 Modules 

2 Bars/2 Spaces 

The Above 
Character 
Represer>ts a 
Left-Hand "0" 
Which is 
Encoded 0001101 

Figure 2.1. UPC character structure for left-hand characters "6" and "0". 

If we let "0" represent a light space and " 1" represent a dark bar, the codes for 

each decimal number are presented in Table 2.1 For example, the left-handed "6" and "0" 

are coded as 0101111 and 0001101 respectively. They are printed as shown in Figure 2.1 

The left-hand characters are coded inversely from the right-half characters A left-hand 
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character always starts with a space and ends with a bar. The opposite is true for a right-

hand character 

Table 2.1 UPC encoding 

Decimal Value Left Characters Right Characters 

0 000i101 1110010 

1 0011001 1100110 
2 0010011 1101100 
-• J 0111101 1000010 
4 010001 1 1011100 
5 0110001 1001110 

6 O l O l l l l  1010000 

7 O i l  1 0 1 1  1000100 

8 0110111 1001000 
9 0001011 1110100 

2.2 A Complete UPC Symbol 

A full symbol of UPC version A with detailed explanations is shown in Figure 2 2" 

The first 2 bars at the left of the symbol and the last 2 bars at the right of the symbol 

comprise the left and right guard bars, encoded as 101. The bars in the center comprise the 

fi.xed center bar pattern, encoded as 01010 The first digit in the left half is always the 

"number system character". It is used to categorize the UPC symbols. Most items, such as 

grocery, stationery, clothing and etc., are given the number system 0, and coupons are 

given the number system 5. The last digit on the right is always a check character 
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The remaining five digits in the left half identify the manufacturer of the product 

For example, number 21200 represents 3M. This left-half five digit code is assigned to 

various manufacturers by the Uniform Code Council. 

Lcft-Hand 
Guard Bars Pattern (101} 

Light Margin 
Minirr^um 9 Modules Wide 

Number System 
Character 

L 

Lflft 6 Characters of Code 

Number System 
Character 

flight 6 Characters of Code 

y 
Tall Center 
Bar 
Paiierr> Modulo 
(01010) Check — 
^ chafbctef 

12345 67890 
Manufacturer 
10 Number 

Item 
Number 

Characters Per 
OCR-8 Font 

Rignt-Mand 
Guard Bar Pattern I tOl) 

Right Light Margin 
Minimum 9 Modules W«de 

5>  
Modulo 
Chock 
Character 

Figure 2.2. A standard UPC version A symboL 
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The remaining five digits in the right half identify the particular product This right-

half five-digit code is assigned at the discretion of the product manufacturer. For example. 

3M has assigned number 69II5 to its single pack of 100-sheet 3x5 yellow Post-It. 

Therefore, the complete UPC code for the 3M 100-sheet 3x5 yellow Post-It, ignoring 

the number system character and the check character, is 21200-69115. 

2.3 Scanning Considerations 

Absolute time measurements are unimportant in scanning the code. What is 

measured is the time that is required to go from the leading edge of the first dark bar in a 

character to the leading edge of the third dark bar, i.e., the first dark bar of the next 

character. This time interval is divided into seven equal intervals, and the relative widths of 

the two dark bars and the two light spaces are determined. The number of intervals in each 

w idth defines the number of modules in each bar or space. Thus, the total width of a 

character is measured and the relative widths of two bars and two spaces are used for 

decoding. The code is called se/f clocking because an absolute time reference is not 

needed to decode the information. 

The property that the symbol can be read omnidirectionally requires that it be 

scannable in both forward and backward directions. This is achieved with the encoding 

scheme that a character is unique regardless the scanning direction. For example, the left-

hand "0", encoded "0001101", can be read as "1011000" in the reversed direction. The 

latter is not used to encode any other characters. Each half of the symbol can be identified 

because they use characters of two different parities. Each half is over-square, i e . the 
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height dimension is larger than the width in each half. This allows them to be scanned 

diagonally, which is the second requirement of omnidirectional scanning. 

The size of the UPC symbol is allowed to vary from the nominal size of height < 

width of 1 in < 1.25 in (25 4 mm ' 3 1.75 mm) for version A symbol. It can be from as 

small as 0 8 x nominal to as large as 2.0 x nominal. The minimum width of a bar or space, 

including tolerances, is 0.008 in (0.2 mm) for a symbol of 0.8 v nominal size. This 

minimum width establishes the maximum attainable depth of field for an optical bar-code 

reader. 

The contrast specification for the UPC symbol requires that the reflectance of the 

bar and space to be measured with a photomultiplier tube with an S-4 photocathode 

response curve coupled with a Wratten 26 filter.*' This combination yields a response with 

a peak at a wavelength of 610 nm, falling to zero at approximately 590 nm and 650 nm. 

This response includes, not coincidentally. the wavelength of the He-Ne laser, 632 8 nm. 

The printed contrast (PCS) of a UPC symbol is defined by the relationship 

where R\, is the reflectance of the light background and Ro is the reflectance of the dark 

bar 

The following expression relates the acceptable /^d for a given R\,^ 

(2.1) 
R 

l o g , . , =  2 . 6 1 o g , , , / ^ ,  - 0 3 .  (2.2) 



Using Equations (2 1) and (2.2). we can calculate the maximum allowable R 

the minimum acceptable PCS for a given R^. The results are summarized in Table 2 

Table 2.2 Minimum Printed Contrast 

RL (%) Maximum Rd (%) Minimum PCS 

31 b 2.5 0.921 
40 0 4 6 0 884 
50.0 8 3 0.834 
60.0 13.3 0.779 
70 0 19.8 0 717 
80.0 28.1 0.649 
90.0 38.1 0.577 
100 50.1 0.499 
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3 OPTICAL CONSIDERATIONS IN A UPC BAR CODE SCANNER 

A typical bar code scanner is comprised of a focused laser, a spinner, a set of 

pattern mirrors, a collection system with a detector, video amplifier, candidate selector 

and a decoder 

The optical schematic of a laser scanner is shown in Figure 3 . 1 .  The laser beam (1) 

is focused by a lens (2). It passes through a hole at the center of element (7). It is then 

deflected continuously by a polygonal spinner (3), which has mirrored facets. A more 

detailed picture of a four facet spinner is given in Figure 3 .2. The deflected laser beam is 

directed toward a set of mirrors (4) and (5) located in predetermined orientations and 

positions to produce a scan pattern. The laser beam scans the UPC bar code symbol (9) 

on a package as the package passes over the scan window (6). The laser beam is focused 

by lens (2) to form a focus a few inches above the window such that its depth of field 

/ 

7 S 

Figure 3.1. A bar code scanner. 



starts at the window and extends a few inches beyond the focus. 

The back-scattered light is modulated by the reflectivity of the bars and spaces in 

the symbol. A portion of the back-scattered light is collected by a concave mirror (7) The 

collected light is focused toward a detector (8), which converts the light modulation into 

time-varying electronic signal. The electronic signal is then amplified for further 

processing. 

Rotational 
axis 

/ i \ 

\ 

o • 

/ \ 

Mirrored 
spinner facets 

Figure 3.2. A four facet spinner. 

In the design of optical portion of a scanner there are four important 

considerations, which are the design of the scan pattern, the laser beam, the collection 

system and scanner radiometry The following sections discuss each consideration in more 

detail 



3.1 Scan Pattern 

The key eiements of the scan pattern are depicted by Dickson and Sincerbox.'' We 

summarize important aspects in this section. In a scanner the spinner (item 3 in Figure 3 1) 

rotates continuously, which deflects the laser beam to an array of pattern mirrors four 

times per revolution. A scan pattern is formed in the plane of the scan window or in any 

plane above the scan window. The scan pattern is comprised of intersecting lines of the 

scanning laser beam and a scan plane. The scan pattern is required to be capable of reading 

a full-size version A UPC symbol regardless of the orientation of the symbol in the plane 

of the scan window. In other words, the scanner must be omnidirectional. This allows 

maximum freedom for the scanner operator when bringing the item across the scan 

window 

We have already seen that the two halves of the UPC symbol can be read 

independently of each other. Each half is over-square, i.e., the height is greater than the 

width for a half-symbol. Therefore, the minimum scan pattern that will allow 

o m n i d i r e c t i o n a l  s c a n n i n g  i s  a  p a i r  o f  p e r p e n d i c u l a r  s c a n  l i n e s  i n  t h e  f o r m  o f  a n  " a s  

shown in Figure 3 .3 As the UPC symbol passes over the scan window, at least one of the 

legs of the "'" will pass through the entire half -symbol at some point in the window. The 

figure shows two extreme orientations of the symbol as it is passed over the window 

These are two worse-case orientations in that only one leg of the "»" passes through the 

entire half-symbol. 
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The amount that the half-symbol is over-square, when combined with the 

maximum item speed of 2.54 m/s (100 in/s), determines the minimum pattern repetition 

rate to guarantee at least one good scan through the symbol as it passes across the scan 

window, regardless of its orientation. The pattern repetition rate, the total scan length and 

the width of the smallest LTPC module establish the maximum video signal rate seen by the 

detector. 

The scan pattern shown in Figure 3 .3 is created by just one facet of a spinner For 

a scanner with a four facet spinner, as shown in Figure 3 .2, four overlapped " <" patterns 

are created. They are illustrated in Figure 3.4. Typically, the four facets have slightly 

different angles between the rotational axis and the facet plane, thus they create four 

slightly shifted scan patterns. This allows multiple scans and a denser spatial coverage at 

the window 

Halves of a 
UPC symbol 

Scan 
lines 

Figure 3.3. Omnidirectional scan pattern in the plane of the scan window. 
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Figure 3.4. Scan patterns created by a four facet spinner. 

3.2 Laser Beam 

We now discuss the second optical design area, which is the laser beam focus and 

its depth of field. The depth of field of a scanner is the distance along the laser beam, 

centered around the focal point, over which a bar code can be read reliably. Today, almost 

all bar code scanners use a visible laser diode as the source. For a laser diode system, the 

correct beam profiles at the focal plane and through its depth of field are governed bv 

diffraction. In a bar code scanner, a single lens is used to focus the highly divergent laser 

light to a predetermined conjugate as shown in Figure 3 .5. 
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Stop 

Laser 
diode 

Focal Plane 

Focusing 
lens 

Depth of Field 

Figure 3.5. Laser diode system In a bar code scanner. 

The apeiture stop of the system is located next to the focusing lens. The electric 

field amplitude of the laser beam and, hence, the irradiance distribution, which is defined 

as the squared modulus of the electric field amplitude, at any plane behind the aperture 

stop is determined by size of the stop, the electric field distribution of the laser light at the 

stop, the wavelength of the laser and the distance of the observation plane to the stop. The 

electric field distribution of the laser light at the stop is nearly a truncated elliptical 

Gaussian due to the anamorphic nature of the light emitted from a laser diode. Let us 

assume that the x-direction, as defined in the coordinate system shown in Figure 3 .5, is 

perpendicular to the p-n junction of the laser diode and the>-direction is parallel to the 

junction The divergence angle at full-width half-maximum irradiance in x is typicallv three 

to four times of that in v-direction. Thus, the electric field distribution is heavilv tamcated 

in A'-direction and, hence, is nearly uniform across the aperture The electric field 

distribution in v is only slightly truncated and, hence, is nearly a Gaussian shape. The 

irradiance distributions at the stop are shown in Figure 3 6 (a). The electric field 
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distribution at the focal plane is a simple two-dimensional Fourier transform of the field 

distribution function at the aperture." Therefore, the irradiance distribution profile in the 

r-direction at the focal plane is almost a sinc-squared fianction. The irradiance distribution 

profile at the focus in the v-direction is nearly a Gaussian shape. In practice, the scanning 

direction is chosen to be perpendicular to the p-n junction (x-direction). Because of the 

approximately uniform electric amplitude in the pupil, the laser profile is less sensitive to 

aberrations such as decenter. 

The electric field distribution at a plane out of focus is difficult to evaluate 

analytically because it is the Fourier transform of the product of field distribution function 

at the aperture and a quadratic phase factor." It can be computed numerically. The 

irradiance profiles in .r and v orientations, as defined by the coordinates in Figure 3 5. are 

shown in Figures 3,6 (b) through (d). They are profiles at focus (b) and at positions prior 

focus (c) and post focus (d). 

The depth of field can not be expressed in an analytical form as described in 

Chapter I for a free space Gaussian beam. However, analysis on the relationship of the 

depth of field with the spot sizes at focus can be carried out numerically. Some detailed 

discussion of focusing a laser diode in bar code readers is provided by Chall.A more in-

depth mathematical model is presented by Naqwi and Durst.'' 

In a large bar code scanner such as that seen in a supermarket, the laser beam is 

focused a t  a  point  tha t  i s  more  than 10 inches  (254 mm) f rom the  focusing lens  The Me' 

spot size at focus is normally designed to be just less than or comparable to the minimum 



bar width in the bar code to obtain a large depth of field. The spot size at the extremes of 

the depth of field is close to twice the minimum width in the bar code. 

1 

50 08 

02 

5  

0.8 

u> 0 6 

0 4  

s 0 2  

-04 - 0 2  0 0 2  0 4 
( a )  (b )  

1 

8 

Q.06 

Q. 

2 

0 = 

-0 4 -0 2 0 0 2  04 

£ 0.8 • 

o. 

-04 0 2  -02 0 04 
(CI  (d )  

Figure 3.6. Profiles of laser diode system. Plot (a) shows irradiance profiles at the 
aperture. Plot (b) shows profiles at focus, plot (c) shows profiles at a 
position prior focus and plot (d) shows proflles a position post focus. 
Plots (b), (c) and (d) have the same arbitrary scale for abscissa. 

In regions where the spot size of the laser beam is larger than the minimum width 

in the bar code the laser spot partially covers a one-module bar and the neighboring one-

module space. The detected bar code signal is blurred, and its modulation is decreased 

Furthermore, as will be seen in Chapters 4 and 6. when the spot size of the beam is larger 

than the bar width, error is introduced in determining transition edges between bars and 

spaces 



Understanding the effects of signal blurring due to large beam spot sizes may lead 

to a decoding technique that compensates the error introduced by blurring, and hence, 

effectively extend the depth of field of a scanner. 

3.3 Collection System 

There are different collection schemes used in bar code scanners The fijnction of a 

collector can be demonstrated with an ellipsoidal mirror shown in Figure 3 .7 One of the 

foci of the mirror is at a point that is close to the focal point of the laser It can be referred 

to as the long focus. The a.\is, which is defined by the point where the laser beam 

intersects the collection mirror and the long focal point., usually coincides with the laser 

beam The other focus of the mirror is located at the detector. 

When a bar code is at the long focal point of the ellipsoidal mirror, the collected 

liuht is focused at the center of the detector. When a bar code is at the closer or farther 

liaht 

Detector 

Focusing 
lens r\ 

Depth of field 

Collector 

r 

4  

Figure 3.7. An elliptical collection mirror. Quantity r is the distance from the bar code 
to the mirror. 



end of the depth of the field of the scanner, the collected light is focused behind or in front 

of the detector plane. The light spot in the detector plane is spread due to defocusing. 

Since it is essential for a scanner to have a depth of field, a detector of sufficient size is 

used to collect all or almost all of the defocused light power. 

3.4 Scanner Radiometry 

The collection system of Figure 3 .7  can be simplified by unfolding the system 

about the bar code plane and replacing the mirror with a lens The simplified system is 

presented in Figure 3.8. A laser that propagates along the r-axis illuminates a target (bar 

code) that is in the x-y plane. In our modeling, we consider the target a Lambertian 

scatterer That is, the target scatters the laser light uniformly into a hemisphere. A portion 

of the scattered laser light is collected by the collection lens and focused onto a detector 

Assume that the total output power of the laser system in a scanner is f\, and the 

irradiance distribution of the laser at the target is /(.vj'). We have 

Consider a Lambertian target with attenuation fijnction .v(.rj) (bar code reflectivity 

fijnction). The radiance of a unit area at (x^v) on the target is 

(3.1) 

! .{x .y)  = —i{x.y)s{x .y) .  (3.2) 
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The power collected by the collector mirror is then 

q r .  
/ '  = — i(x .  y) .s(x .})dxiJy.  

rr J ' /T 
(3.3) 

where /2 is the solid angle of the collection aperture subtend at the target Since the 

distance from the target to the collector is much larger than the dimension of the 

illuminated area on the target and much larger than the dimension of the collection 

aperture, the solid angle fi is independent of variables .v and v 

For a target that has uniform attenuation s. we have 

/> = - asp (3.4) 

\ 

\ /. 

Laser Detector 

Target Collection 
lens 

Figure 3.8. The equivalent collection system. 
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Equation (3.3) shows the important terms that affect the available signal level in a 

scanner. The detected signal is proportional to the collection solid angle, the attenuation 

and the total power reaching the target. 

As in any detection and amplification system, the presence of noise limits the 

performance of a bar code scanner. The significant noise sources are the shot noise due to 

ambient light, the Johnson noise due to the resistance at the very front end of the circuit 

and amplifier noise. There is another significant noise source, the "paper noise", which is 

an interfering signal due to the roughness in the bar code substrate. 

The discussion of scanner radiometry provides a basis for the determination of the 

minimum acceptable signal as presented in Section 5.5. 
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4 A STUDY OF SIGNAL BLURRING 

The pertbrmance of a bar code scanner is degraded when the laser beam spot size 

is much larger than the width of a bar. This condition can be observed when a bar code is 

near the boundary of the depth of field of a scanner where the beam spot size (fiill width at 

I/t'") is approximately twice of the minimum bar width. The modulation of the pre

amplifier output signal is reduced when the width of a space or bar is less than the beam 

spot size The narrower the bar or space relative to the beam spot, the more the signal is 

reduced. The amplitude (or peak level) of the first derivative of the signal is also reduced 

The peak level of the first derivative is compared with a threshold in the signal processing 

electronics. When the peak level is higher than a preset threshold level, a decision circuit is 

triggered to look for a zero crossing in the second derivative. A transition edge is 

indicated by the detection of the zero crossing. 

The detected zero crossing point is shifted when the width of a space or bar is less 

than the beam spot size. This is the effect of blurring by a large laser spot that smoothes 

the signal in such a way that an error is introduced in the determination of the transition 

point. The amount of error introduced depends on the widths of the bar and space that 

sandwich the transition of interest. 

The following sections describe these effects in more detail. Section 4 1 discusses 

generation of the bar code signal. Section 4.2 discusses the amplitude of the first 

derivative Section 4 3 discusses multiple bars and spaces. In Section 4 4 the shift of the 
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transition point caused by blurring due to large laser spots is discussed. Section 4 5 

describes a special notation that is useful for presenting results in an efficient way In 

Section 4 .6 the effects of blurring are applied to the UPC bar code. Section 4 .7 discusses 

the blurring due to electronic filter. 

4.1 Generation of Bar Code Signal 

When a one-dimensional bar code with the bars and spaces along the>-direction is 

scanned by a laser beam moving in the x-direction as demonstrated in Figure 4.1, the 

scattered light is modulated by the reflectivity of the bars and spaces. The reflectivity 

function of the bar code can be written as a one-dimensional function .v(x). As the laser 

beam scans across the bar code, a time-varying light signal is received by a detector. The 

detector converts the light signal into photocurrent. Let us assume that the laser scans in 

the -V-direction at a speed of v. Using Equation (3.3), the photocurrent signal at time t can 

be represented by 

' o r '  i * '  
i ( v l  -  a ^ v )  - . s { a ) ( J a J v ,  (4.1) 

jj. J ,  J .  

where • is the responsivity of the detector,is the gain of the amplifier, /(x. v) is the laser 

beam irradiance distribution function, .s(r) is the bar code reflectivity fijnction, and the 

integration in v-direction is done by the detection process. 



58 

BEAM SCANNING 

DIRECTION BAR CODE 

LASER BEAM 

/. 

SPACE 

BAR 

LASER SPOT 

BAR CODE 

Figure 4.1. A laser beam scanning a bar code in .v-direction. 

It is convenient to discuss the signal in terms of the variable in spatial coordinates, 

and it does not lose any generality in the results. It is also convenient to neglect the 

constants in Equation (4.1) because the treatment in subsequent sections is relative to the 

maximum signal. Substituting vt with variable x. Equation (4.1) becomes, 

= I j i (x  -  ciA ) - s (a)dady .  (4.2) 

This is the one-dimensional convolution of the laser beam and the bar code in the 

r-direction. Using the commutative property of convolution Equation (4.2) can be 

rewritten as. 

= J I  i (u .y)  -s(x-a)dciJy (4.3) 
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This expression can be viewed as the result of a stationary laser scanning a moving 

bar code It gives the same photocurrent signal. 

Since .S(.Y) is not dependent on v, the integration with respect to >• can be carried 

out first. Equation (4.3) becomes 

The bar code scanning process is now reduced to one-dimensional problem. 

Therefore the mathematical treatment can be significantly simplified. 

4.2 Amplitude of the first derivative 

The analog signal processing is illustrated in the flow chart shown in Figure 4.2. 

The photocurrent is amplified and converted into a signal in vohs. The first derivative is 

produced electronically and then compared to a threshold. When a peak is higher than the 

threshold, a pulse is sent to inform the decision circuit to look for a zero-crossing point in 

the second derivative where a transition edge is located. 

(4.4) 

where /(.v) is the marginal fijnction associated with /(.vj), i.e. 

(4.5) 
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^ Phoiocurrent. ,?(.r) Photodcteclor ^ First derivative, .e'(.t) 

g'w > 
threshold? 

Set transition 

Figure 4.2. Analog signal processing. 

An ideal bar code is a series of black and white stripes stacked along one direction, 

e.g.. in the .v-direction. The information is encoded in the same direction. A white stripe (a 

space) has unity reflectivity, while a black stripe (a bar) has zero reflectivity for the 

scanning laser light. This ideal bar code can be represented mathematically by a bar code 

tlmction comprised of a series of rectangular fiinctions, as illustrated in Figure 4.3. The 

bar-code function has a value of one in the region corresponding to a space and has a 

value of zero in the region of a bar. 

The problem of bar code scanning can be simplified by considering a one-

dimensional analysis and considering a single space in a bar code. It will be clear later that 

this simplified treatment gives a very close approximation to experimental results. 

A space sandwiched by two wide bars can be written as a rectangle flinction. as 

shown in Figure 4 4. Following the notation used by Gaskill," we have, .y(.r) = /•c'c7[(.v-

h/2)/h], where h is the width of the space 



Figure 4.3. A mathematical representation of bar code. 

Substitute .V(.Y) into Equation (4.4), we have 

r '  X ~  h  /  2  -  a 
^'(.v) = l{u)rccl(  ; )c/a (4.6) 

• '  '  h  

The first derivative of the rectangular function is 

d 
—/vt7[(.v -  h !  1)  I h \ -  S(x)  -  S(x -  h) .  
ax 

where <^^,r) is Dirac's delta function. 

The first derivative of the signal of a space is then 
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c / i K i X ) )  r  r r  ^  ' J  r  ; ;  = 1  I { a ) — [ r e c t i  
dx ax h 

X  -  h 1 2 ~  a  
)]dci  

(4.7) 

= /(.V) -  l ( x  - h ) ,  

where I{x)  is the marginal function associated with i (x^) .  Equation (4.7) can be rewritten 

as 

These are two marginal profiles centered at the transition edges of the space in a 

bar code. The positive profile, /(.r), represents the positive transition at x = 0 and the 

negative profile, -l(x-h), represents the negative transition at .v = h To illustrate, assume 

the marginal profile is a triangle tlinction. i.e. [(x) = in(x u ). The corresponding ,if'(.v) is 

shown in the Figure 4 4 

It can be seen fi'om Figure 4.4 that as long as h/w > 2 the positive and negative 

profiles do not overlap. The signal is not blurred. For 1 < h/w < 2, the positive and 

negative profiles in g'(x) merge into each other. The peak level is not reduced and its 

position is not shifted. For h/w < 1, the tail of the positive and negative profiles starts to 

overlap with the other peak. The peak level is reduced and its position is shifted The 

signal is blurred. 

We define h/w as the blurring parameter. It is sufficient to use the term h/\y to 

assess the amount of blurring produced by a given laser profile. 

"/(.v) = /(.V) -  f i x  ~  h )  (4.8) 
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Figure 4.4. First derivative of a space in a bar code. 

4.3 Shift of Transition Point 

In a real system, the laser profile can be approximately modeled with a Gaussian 

tlinction Assume a bar code is scanned by a laser of marginal profile /(.v) = L^x7j[-2(r u )-]. 

We have the first derivative signal as shown in Figure 4 5. the contribution of the tail of 

the negative beam profile -J(x-h) at r = 0 is not negligible when h/u < 1 The peak of^(.v) 

is reduced on the left edge of the space due to the contribution of -l(x-h) At the same 

time, the location of the peak at x = 0 is shifted toward the left (negative side of the .v-

a.\is) Therefore, the zero crossing point of the second derivative that represents the 

detected positiv e transition edge is shifted to the left of the v = 0 point This produces an 
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error in the determination of the point of the positive transition. By the same token, the 

zero crossing point of the second derivative for the detected negative edge is shifted to the 

right of x = I The number of digitized counts representing the width of the space, which 

is the distance between the positive and negative edges, is greater than the number of 

counts observed with no blurring, i.e., hlw > 2. 

1 

0.8 

0 6 

0 4 

0 2 s(x) 

0 

0 2 

-0,4 

- 0 6  

-l(x-b) 
-0 8 

1 
•2 -0 5 

X 

Figure 4.5. The first derivative of the bar code signal representing a space for the 
case of A = I is plotted in solid. The original space function is also 
plotted. The two contributing profiles centered at the two transitions of 
the space are plotted in dotted curves. 
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The peak shift of the first derivative at x = 0 can also be illustrated by the shift of 

the zero-crossing of the second derivative as shown in Figure 4.6. The width determined 

by the zero-crossing points is obviously wider than the width of the original space that is 

scanned by the laser beam. 

0 03 

0 02 

0 01 

g"(x) 0 

-0 01 

-0 02 

-0 03 

-0 04 

-0 05 
-2 -1 5 -1 -0 5 0 0 5 1 1 5 2 2 5 3 

X 

Figure 4.6. The second derivative of the signal of a space is plotted in dotted curve. 
The width determined from the two zero-crossing points are wider than 
the original width of the space, which is plotted in solid line. 

1 • T - • 1 -

~ /' *. 

1 1 

Original space 

 ̂ • 7 - • • 1 T 

s(x) 

-
'• g"(x) 

J 1 1 V 1 1 I ( 



The amount of shift can be quantified. If hiw is known, error correction can be 

attempted at transitions where the zero-crossing points of the second derivative are 

shifted. The behavior of the shift at the transition edge of a space can be determined by 

finding the roots of^f"(x) near.v = 0, i.e. solving = 0. Differentiation of Equation 

(4 8) for the case of a single space yields 

g " ( x )  =  I ' { x )  -  l ' ( x  - h )  (4.9) 

By substituting l (x)  = exp[-2(xlw)-]  into Equation (4.9) and setting ̂ '(.v) = 0, the 

condition of zero-crossing of the second derivative becomes 

( X ' h ) e  "  "  - X  =  0  ( 4 . 1 0 )  

The roots of the above equation represent the zero-crossing points as a function of 

blurring, hhv The zero-crossing shift is plotted as a function of hlw in Figure 4 7 It 

should be noted that at hlw 1. which is well within the depth of field, the shift is as much 

as 10% of the width of the laser marginal profile (half width at 1/e") As the width of the 

laser profile »• becomes larger relative to the width of the space A. there is more shift in the 

zero crossing point 
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Figure 4.7. The shift of zero-crossing point vs. hhv. The amount of shift is rehitive to 
the half width at \le' of the laser marginal profile, »»>. 
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4.4 Notation for a Segment of a Bar Code 

Before we proceed into the detailed discussion of the zero-crossing shift for all 

combinations of a LTPC bar code, it is convenient to establish a notation representing the 

transition in question along with spaces and bars in a UPC code. 

It is described in Chapter 3 that, in a LTPC symbol, spaces and bars have widths 

that are multiples of a module width. Spaces and bars are 1, 2, 3, or 4 modules. In our 

notation, a space is referred to as a number that is a multiple of the module width. For 

example, a two-module-wide space is called 2. A bar is defined similarly except the 

number is underlined. The transition edge of interest is indicated by a vertical line segment 

inserted between a space and a bar For instance, the segment of a bar code shown in 

Figure 4.8 (a) is denoted by 2 in. which indicates that the transition (at x = 0) is 

sandwiched by a two-module bar and a one-module space. The 1 on the right indicates 

that the one-module bar to the right of the one-module space is also of interest. Similarly, 

the segment of a bar code shown in Figure 4.8 (b) can be referred to as 4 114. An 

additional example is shown in Figure 4 8 (c) for the case of i| 14. 
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2  1  i  

- 2 0 1 2  X  

(a) 

i 1 1 

- 4  0  1  5  X  

(b) 

1 

i 1 i 

- 1 0  1  5  X  

(c) 

Figure 4.8. The notation for the transition of interest (at.v = 0) and adjacent bars 
and spaces. 

4.5 Shift of Transitions in a UPC Code 

The analysis in Section 4.3 for a single space can be readily applied to the case of a 

4 ;14 segment. The contributions from the marginal profiles of transitions at x = -4 and .v = 

5 as shown in Figure 4.8 (b) are negligible within the depth of field of a scanner. 

There is no shift of the zero-crossing point of the second derivative for 1 il4 due to 

symmetry In this case, the value and position of the peak of interest is influenced equally 

by the two negative beam profiles on both sides, which are located at v = - i and .v = 1 
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respectively. The first derivative signal for case i| 14 is shown in Figure 4.9. Another 

special case is 2 III, as shown in Figure 4.8(a), in which the peak of interest behaves 

exactly the same as 4 i 14. The contribution of the negative profile at x = -2 cancels that of 

the positive profile at r = 2 This can also be seen analytically. In the case of 2 ! 11, we 

have 

.i,^'(0)= /(0)-/(-l) + /(-2)-/(2) 

= /(0)-/(l), 

provided that /(x) is an even function. 

1 

0 8 

0 6 

0 4 

0 2 

g'(x) 0 

-0 2 

-0 4 
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-0 8 

- 1  

- 3 - 2 - 1 0 1 2 3  
X 

Figure 4.9, The first derivative signal (solid curve) of the transition in i|I4. It is the 
sum of the three dotted curves, which are marginal profiles. The bar 
code function is also plotted. In this plot, h = I and ii' = I. 
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l(x-b) 



7! 

In reality, a number of bar codes are over-printed. Generally speaking, an over

printed bar code has wider bars and narrower spaces than the intended widths. It is 

important to understand the shift of the zero-crossing point of the second derivative for a 

bar code with this type of defect so that the error introduced by blurring can be separated 

from that due to over-printing. The latter is usually uniform across the entire code A 

segment of an over-printed bar code is displayed in Figure 4.10. The amount of over

printing is defined as the difference in the width of a one-module bar and the intended 

width of a single module. The segment shown in Figure 4.10 is approximately 20% over

printed. Bar (3) is 12 modules wide comparing to the intended width of 1 module, while 

space (4) is only 0 8 module. The transition between bar (3) and space (4) is denoted as 

1^|0.81^. Since we used the minimum width of a bar or space h in a bar code as the unit 

width in our discussions so far, the transition between bar (3) and space (4) can be 

normalized as Lil ILl. Furthermore, since the right edge of bar (5) is far enough away 

from the transition between bar (3) and space (4), we can replace Li|lL? with _L5 il4. 

The zero-crossing shift of the transition 114 is plotted in Figure 4.11 The shifted 

amount is relative to the half width at Me' of the laser marginal profile. For example, at 

Mt' = 1, the shift is 7.5% of the half width at \le~ of the marginal profile. The zero-

crossing shift for cases of 2| 14 and 4| 14 are also plotted. It should be noted that the 

abscissa at the top of the frame represents the case of i !l4 since there is no shift of the 

zero-crossing point for any amount of blurring. We can generalize Figure 4.18 by using 

•vj 14 to represent each case. We have x = 1. 1.5,2 and 4 respectively As .v decreases, the 
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amount of shift of the zero-crossing point decreases, and it approaches zero when r is 

close to 1 

3 4 5 6 7 8 

1  1 0 0 1 0 1 0 0 0  1 0 0  

Figure 4.10. A segment of a 20% over-printed bar code. Bar (3) is 1.2 modules width 
comparing to the intended width of 1 module, while space (4) is only 0.8 
module. 

For an accurately printed bar code, x = n = 1, 2, 3 or 4. We know that there is no 

zero-crossing shift due to blurring for the transition in X| 14. From Figure 4.1 1 we can 

conclude that as long as h/w > 0.7 and n > 2, the zero-crossing shift point of »| 14 is 

essentially the same as that of 4| 14. For a bar code with over-printing error less than 20% 

(.V < 1.5), the shift of zero crossing for the case ,vll4 is less than 10% of the half width of 

the marginal profile of the laser beam, u' 
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Figure 4.11. Shift of transition point for bar codes x| 14. The amount of shift is 
relative to the half width at Me' of the laser marginal profile. 

We have demonstrated that the first derivative signal near a transition in a bar code 

can be written in terms of marginal profiles of the scanning laser irradiance distribution. 

We have further demonstrated that when evaluating the first and second derivative signals 

near the transition edge of interest it is only necessary to consider the profile centered at 

that transition edge and the profiles centered at the two immediate neighboring transitions 

in the bar code. When blurring is present, the peak value of the first derivative signal at the 

transition of interest is reduced by the contribution of the two neighboring negative 



profiles. At the same time, the transition point that is between a wide bar and a narrow 

space or vice versa is shifted. The direction of the shift is always toward the wider bar 

such that the narrow space is widened. The behavior of the shift is demonstrated by 

experiments in Chapter 6. and the understanding of the shift behavior can be used to 

correct an over-printed bar code for the combined error caused by blurring and ink spread 

in printing. 

4.6 Peak Reduction in First Derivative 

As the transition point is shifted, the peak level of the first derivative is reduced. 

Substitute the root of Equation (4.10) near .v = 0, denoted r,), into Equation (4,8). we have 

the peak of the first derivative, 

^'(x„) = /(xj-/(.v„-A). (4.11) 

For the case of 4| 14, we have plotted the peak reduction in Figure 4.12 For small 

amount of blurring, b/w = 1, we can estimate the peak reduction as if the peak was not 

shifted. That is, the peak level can be evaluated approximately by the value of^,''(0), i.e.. 

,i^'(0) =/(O)-/(-/)). (4.12) 

The behavior of;,^(0) is also plotted in Figure 4.12. It can be seen that^(O) 

produces more reduction than the real peak value given by ̂ (x„) 
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Figure 4.12. Reduction of the peak of the first derivative for case 4| 14. Solid curve is 
g'(X(i) and dashed curve is for g'(0). 

A special case is i| 14. There is no shift in the zero-crossing point of the second 

derivative due to symmetry. However, it has the most peak reduction in the first derivative 

because the two negative profiles are located the closest to the positive peak. We have 

^ ,^ ' (0 )  =  / (0 ) - / ( - /» ) - / ( />) .  

Figure 4.13 shows the reduction of the peak level of case i| 14. As a reference, the 

approximate peak reduction for case 4|i4, i.e., x'(O)' is also plotted. 
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(1) 0 4 

w  0 2  

CO -0 2 

CO -0 4 

Figure 4.13. The peak value of the first derivative at.v = 0 for XI14 is plotted in solid 
curve. As a reference, the approximate peak value for 4|14 is also plotted 
in dotted curve. 

h can be noted in Figure 4.13 that, for case iil4, at hhv = 0 589, ^f'(O) = 0. i e . the 

positive edge disappears. This condition is demonstrated in Figure 4.14. This is the point 

where the first-derivative threshold algorithm as described in Figure 1.8 fails. At this point. 

I(x) = exp[-2(h M')-] = 0 5. The ratio of the fiill width at Me'- maximum of the beam. 2u. to 

the width of the space, h. is 3 .4, which sets the theoretical limit of recovering the positive 

edge at .v = 0 using the first-derivative threshold algorithm. It should be noted though, that 

the zero crossing of the second derivative still exists 
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Figure 4.14. When hlw = 0.588, i.e., 2\v=3.4b, the peak of the first derivative at .v = 0 
disappears, ̂ ''(0) = 0. The first derivative signal near-v = 0 is drawn in 
the solid curve. 

The approximate peak values, ^(0), for other combinations possible in a LTC bar 

code is presented in Figure 4 15 It can be seen that the 4| 14 case has the least peak 

reduction and the i| 14 case has the most reduction. For h/w > 0.7, the results for all cases 

except i| 14 are practically identical to 4 Il4. The similarity of the reduction in peak value 

of most cases to that of 4 Il4 for h/w >07 is in accordance with the fact that the amount 

of shift of transitions for cases n| 14 (n > 2) is very close to that of 4 ll 4 as shown in Figure 

4.1 I 

l(x) 

s(x) 

l(x-b) l(x+b) 
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Figure 4.15. Peak reduction for different cases in a UPC code. 

4.7 Electronic Blurring 

All the discussions carried out so far are for signal blurring due to the width of the 

scanning laser beam spot It should be pointed out that the electronic filters blur the signal 

in a similar fashion. If the width of the impulse response of the filter is comparable to the 

width of a pulse representing a one-module space or bar in the bar code, the signal is 

smoothed and the zero-crossing of the second derivative may be shifted. 
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Generally speaking, the blurring phenomena coexist. The total amount of blurring 

can be characterized by the equivalent blurring width for the system. This can be done by 

considering the two blurring mechanism as two cascaded linear sub-systems. 

Assume that the laser marginal profile is h(xlw\S) - exp[-2(.v/vfL)'] and the impulse 

response of the electronic filter is h(xl\\\ ) = exp[-2(.vAt'f)"], where m'i and n'|, are the 

blurring width of the laser beam and electronic filter, respectively. The equivalent impulse 

response of the system can be written as the convolution of h{xhvx ) and h{xl\i\ ), i .e 

Using the properties of convolution and Fourier Transforms, we find that u:, can be 

expressed in terms of vt'i, and 

h{x /u \ . )  =  h{x  w ,  ) * / 7 ( . v /U  ; , ) .  (4.13) 

where is the blurring width of the equivalent impulse response of the system." 

(4.14) 

The discussions in previous sections of this chapter can be readily applied to 

evaluate the blurring effects of the system by substituting the laser profile with the system 

impulse response fijnction 
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5 MTF OF BAR CODE SCANNING 

Bar code signal blurring is studied in the spatial domain in Chapter 4 As the laser 

spot size increases the modulation of the output signal of pre-amplifier and its first 

derivative are reduced. In this chapter, we examine the modulation transfer function 

(MTF) of the scanning process. 

It is shown in Equations (4. i) through (4.3) that the bar code scanning process can 

be modeled as a convolution of the laser irradiance distribution function with the bar code 

reflectivity ftinction. The laser beam irradiance distribution function acts as a smoothing 

function. To facilitate our discussions in this chapter, it is convenient to rewrite Equation 

(4.4) here, which represents the photocurrent signal of a bar code. We have 

x( -v) = j /(c/) • .s( .V- - a ) l I l i  = /(.V) *  s {X ) ,  (5.1) 

where I f x )  is the marginal function associated with the laser beam irradiance distribution 

fianction ifx^') given in Equation (4.5) and .v(.r) is the bar code reflectivity flinction. 

Equation (5 1) has the same form as that for a one-dimensional linear shift-

i nvariant (LSI) system, with g(.v) being the output, .s(.v) the input and Ifx) the impulse 

response. The transfer function of an LSI system is the Fourier transform of its impulse 

r e s p o n s e .  T h e r e f o r e ,  t h e  t r a n s f e r  f l m c t i o n  o f  b a r  c o d e  s c a n n i n g  t a k e s  t h e  f o r m  o f  j  / ( x )  1 .  

where represents Fourier transform operation. 
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5.1 MTF of an Ideal Incoherent Imaging System 

It is useful to examine an optical imaging system before evaluating the MTF for 

bar code scanning. Consider an one-dimensional optical system as shown in Figure 5 1 

T h e  c y l i n d r i c a l  l e n s  o n l y  h a s  p o w e r  i n  . v - d i r e c t i o n  a n d  t h e  s t o p  o n l y  h a s  l i m i t s  i n  x -

direction. Following the development of incoherent imaging in Chapter 1 I of Gaskill. we 

obtain the irradiance of the diffraction image 

/ J x )  =  r A x ) * ^ . J x ) .  ( 5 . 2 )  

where /, (.v) is the one-dimensional geometrical image irradiance and • ,„(.v) is the one-

dimensional incoherent impulse response or point spread flinction of the system that forms 

an image (at :(,} of the object (at " 

Cylindncal 

lens 

Figure 5.1. One-dimensional imaging system. 



The optical transfer function (OTF) is the Fourier transform of the point spread 

function and is given by 

(5.3) 

where is the complex amplitude transmittance of the stop at j = ^4, zm, is the distance 

from the stop to the image (at :<,) andx^_ is the complex auto-correlation ofp4(x}, i e. 

For a system with p^ ix )  =  rec i i xk f ) ,  = iri{AzAr,4/<-/) The cut-off frequency is 

then C; = c//az4(,. 

5.2 Irradiance Distribution of the Scanning Laser 

Before the transfer function of bar code scanning can be evaluated it is necessary 

to d e r i v e  t h e  l a s e r  i r r a d i a n c e  d i s t r i b u t i o n  f u n c t i o n  i f x^v )  a n d  i t s  m a r g i n a l  f u n c t i o n  / ( x ) .  

The laser diode system used in bar code scanners can be simplified to the scheme 

shown in Figure 5.2. This figure is essentially the same as Figure 10-18 in Gaskill " 

Following the notation and derivation used by Gaskill, the irradiance distribution in plane 

can be written as 

(5.4) 
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> ) [• {/,(-V. v;^)}[" . (5.5) 
(^l', ^ n v'U.V 

where //4(.vj ) is the electric field distribution at :4, A is the amplitude and absolute phase 

of the wave field emitted by the laser diode, ct„ = l/(/vr„). • represents two-dimensional 

Fourier transfcrm operation, /?{-VvV ) is the complex electric amplitude in the stop at r-. and 

the quadratic factor q(x.y.a) = vvith d = 1 /(/lf)and 

f  =  /  ( r , ,  

y ^ 
Focusing 

lens Slop 3^ 
* / 

Laser 

diode 
Focal Plane 

/-;• / 

• • • 

/.; /.; a /. 

Figure 5.2. Laser diode system in a bar code scanner. 

Generally speaking. Equation (5 5) is difficult to evaluate analytically However, if 

the obser\ation plane rj (or the bar code symbol plane) is located at the conjugate plane of 

the source we have r4 = -s ci-.^ = 0, f = >: . J = 0 As a result, cji x. v.ti) = 1 



and the Fourier transform operation in Equation (5.5) is simplified. The irradiance 

distribution at the plane ra = -5 is given by 

i dx ,y )  =  | . 4n  ̂  
av , a 

7: 
/ n 

^ (5.6) 

where 7 \ (xa  )  is the Fourier transform of /^(c//), with (^ = x/kz:,^ and rj = ylXz^y 

The mar^inal irradiance distribution function is then 

H x )  =  J i , ( x ,y )<Jy  =  — 
v ^ , i; 

r. -V v 
dy. (5.7) 

We assume that f^xy ) is an even function because we choose the .\r-direction to be 

p e rpendicular to the junction of the laser diode. Function 'l\(xy) is even since t^(xy ) is an 

even function. Therefore, /(x) is an even and real function. 

5.3 MTF of Bar Code Scanning 

It can be noted that the expression for the photocurrent signal of a bar code. 

Equation (5 I). has the same form as Equation (5.2), which represents the relationship of 

the diflFraction image and the geometrical image in an incoherent imaging system. 

Analogously, we assign ^(.r) as the diffraction image irradiance. s(x) as the geometrical 

image irradiance and /fx) as the point spread function. The optical transfer function (OTF) 

o f  b a r  c o d e  s c a n n i n g  i s  t h e n  r e l a t e d  t o  t h e  F o u r i e r  t r a n s f o r m  o f  I { x )  



The optical transfer function of bar code scanning is defined as 

85 

OTI- = (5.8) 
J I ( a )Ja  

The modulation transfer function (MTF) is defined as the modulus of the OTF 

Since I(x) is a real and even function, the OTF is real and even Therefore, the MTF of bar 

code scanning is equivalent to the OTF 

To evaluate the MTF let us start with the numerator in Equation (5 8) We will 

nesilect all constants in our derivation since the OTF is normalized We have the MTF 

( i )  X  { / ( x ) !  X  f  \ d \>= \  • ^! 7;: - ^ — I dv  (5.9) 

Consider the case that /r,(.v.v ) is separable in .x- and v. i.e t x (x .y )  -  i \ ( x )  •  i z (y )  This 

true if we choose the r-direction to be perpendicular to the p-n junction in the laser diode 

as discussed in Section 3 2. The two-dimensional Fourier transform of /-.(.v. v) is then the 

product of two one-dimensional Fourier transforms of /i(.v) and We have 

( i )  X  <  T  j  / -  —  J \  X  7 ;  — ^  .  ( 5 . 1 0 )  
'  y / .Z ,  J  '  ' " y / . z , ,  J -
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where 7'i(x) and I i ( y )  a re  Fourier transforms of /i(.v) and hiy) respectively 

Using the properties of the Fourier transform and the fact that both 7"(.r) and / ( x )  

are real and even fiinctions, we have •{ Tix)) = and It'/'Cv)!"} = /,{^ = 

Function y,(^ is the auto-correlation of/(.^. 

Equation (5 10) becomes 

(C) X 

The modulation transfer function is then 

m ' / t i  ̂ ( 5 . 1 1 )  
/ „ ( 0 )  

Consider a scanner laser system that has a rectangular amplitude transmittance 

function at the stop, r,(.v) = mc({xld), where d is the width of the stop in .v-direction. The 

VITF of bar code scanning is 

MTF = //•/(^^^^), 
J 

as illustrated in Figure 5 3 The cut-ofT frequency of the MTF is 

The cut-off frequency depends on the width of the stop in the laser diode system as 

shown in Figure 5 2 and the distance from the stop to the bar code plane. This is similar to 

that of the one-dimensional imaging system as shown in Figure (5 1). where the cut-off 
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frequency depends on the width of the stop and the distance from the stop to the image 

plane The marginal profile of the laser, /(.v), is the effective point spread fijnction of the 

laser focusing system in a scanner. The bar code function s(.v:) can be viewed as the 

geometrical image and the scanned image can be viewed as the diffraction image. 

The MTF shown in Figure 5.3 is for a bar code symbol located in the focal plane of 

the scanning laser beam. Furthermore, the complex amplitude distribution flinction at the 

slop of the laser system has a simple rectangular form. Generally speaking, the MTF for 

bar code scanning is difficult to evaluate analytically because the laser irradiance 

distribution in Equation (5.6) and the convolution in Equation (5.1) are difficult to carry 

out in a closed form. 

MTF(^) 

-d/xz3 35 d/>.z.;5 c 

Figure 5.3. MTF of laser scanning. The complex amplitude transmittance is a 
rectangle function of width d and Zi5 is the distance of the scanning 
plane to the stop. 
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The irradiance distribution profiles of a laser diode system are shown in Figure 3 6 

Plot 3 6(b) gives the profiles at focus. Plots 3 .6(c) and 3.6(d) present the profiles prior and 

post focus respectively. The MTF of laser scanning for this system is evaluated 

numerically. The results are given in Figure 5.4. Comparing to the through focus MTF 

that we normally see in a imaging optical system, the cutoff frequencies are different. This 

is because the cutoff frequency depends on the term 1/Xr and the amount of defocus Az/z 

for a bar code scanner can be as much as 0.25. 

Region of interest 

d> 0 8^ 

I 0.. CO o 
co 
03 0 6" •o 
o 
o n c .  

At Focus 03 
od 

0 4 o 

0 3-

Post Focus 
0 2t-

Pnor Focus 

Spatial Frequency (1/nrim) 

Figure 5.4. The MTF through focus of a laser system in a bar code scanner. The 
cases are for a bar code located at focus, prior focus and post focus. 

The MTF at focus is nearly a triangle fijnction since the field amplitude distribution 

at the stop is nearly a rectangle function The cut-off frequency at focus is approximately i 



= 7 mm"' Thus, any signal that has a period less than To = 1/7 = 0,14 mm cannot be 

resolved. This means a space or bar in a bar code with a width less than half of i.e. 0 07 

mm, cannot be detected. It is interesting to note that the MTF prior to focus flattens out at 

>1=4. This flat region starts at <, = 4 mm"' and extends beyond the cut-ofF frequency for 

the MTF at focus. This behavior is attributed to the significant shoulder and a relatively 

sharp peak of the laser irradiance profile as shown in Figure 3 .6(c). The wide shoulder has 

a cut-off frequency near ^ = 4 mm"', and the sharp peak has a cut-ofF frequency c = 8.5 

mm"'. At frequencies beyond ,^=4 mm"' the shoulder portion of the laser profile adds only 

DC power to the output signal, while the peak portion can resolve features as small as = 

8 mm"'. It can be predicted that the profile prior focus produces less blurring due to the 

sharp peak. 

Since the first and second derivatives of the bar code signal are produced in the 

analog signal processing, we analyze the MTF of the derivatives. Assume we have a 

scanned bar code signal sui(,^). The first derivative is given by The MTF of the 

first derivative of the signal (or more appropriately the relative amplitude of the derivative 

since an MTF is usually normalized) can be evaluated by multiplying the spatial frequency 

variable i with the MTF of bar code scanning. The MTF of the first derivative of bar code 

scanning is presented in Figure 5.5. The curves in Figure 5.5 are calculated by multiplying 

^ with the corresponding MTF(>D values given in Figure 5.4. 
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Similarly, the MTF of the second derivative of the bar code signal is evaluated by 

multiplying the f with the MTF of bar code scanning. The MTF curves of the second 

derivative are plotted in Figure 5.6. 

It is evident that the MTF for the first derivative increases at high spatial 

frequencies due to the multiplication of the factor The increase at high frequencies is 

more significant in the MTF of the second derivative due to the multiplication of the ^ 

factor. Using the derivative of a signal to boost the level of high frequency content is a 

widely used technique in analog signal filtering in the bar code scanner industry. 

16 

14 

12 
At Focus 

1 

w 0 8 
u. 

Post Focus 
t 06 

Pnor Focus 

04 

0 2  

0 
0 2 7 8 9 3 4 5 6 

Spatial Frequency (1/mm) 

Figure 5.5. The MTF of the first derivative of the bar code signal. The three curves 
are for cases of a bar code located at focus, prior focus and post focus. 
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t 21-

Pnor Focus 

Post Focus 

2 3 4 5 6 
Spatial Frequency (1/mm) 

Figure 5.6. The iVITF of the second derivative of the bar code signal. The three 
curves are for cases of a bar code located at focus, prior focus and post 
focus. 
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5.4 MTF of a Ring Aperture 

Central obscuration and other apodization techniques have been used to achieve 

high resolution in optical data storage readout systems. With central obscuration of the 

aperture, the modulation transfer flinction at high spatial frequencies is boosted, [n this 

section, we examine the application of central obscuration to a bar code scanning system 

We fmd that the resolution at high spatial frequencies is boosted and the depth of field is 

also increased. However, the response at medium spatial frequencies is reduced. 

Consider an aperture with central obscuration in the laser system as shown in 

Figure 5 .2. The aperture has the shape of a ring as shown in Figure 5 .7. We denote the 

diameter of the aperture as d and the diameter of central obscuration as d^. The amplitude 

transmittance function of the ring aperture can be expressed as 

I ,  ( v .  > • )  =  c r / ( -) - c y / (  —). (5.12) 
d d 

dc 

^ d • 

Figure 5.7. The ring aperture. 
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where c>7(—) represent the cylindrical function of diameter d and r = -^x' y 
d 

The modulation transfer functions through focus for a scanning laser with a ring 

aperture of = dll are calculated numerically using Equations (5.7) and (5.8). The MTF 

of bar code scanning through focus is presented in Figure 5 .8, the MTF of the first 

derivative is presented in Figure 5 .9 and the MTF of the second derivative is presented in 

Figure 5.10. 

•a 
° 0 5  

0 4 

At Focus 

Pnor Focus 

Post Focus 

Spatial Frequency (1/mm) 

Figure 5.8. The MTF through focus for a scanning laser with a ring aperture of the 
central obscuration r/c = dll.  
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Comparing to Figures 5 4. 5 5 and 5 6 we can see that with a ring aperture, the 

MTF values are higher at high spatial frequencies. However, the MTF values are reduced 

significantly at medium spatial frequencies especially for the at-focus case It can be noted 

in Figure 5 8 that the MTF in the medium spatial frequency region is relatively flat The 

cutoff frequencies are not changed because they are functions of the outer diameter d and 

not functions of c/. 

1  6 -

1 4-

1 2 

At Focus 

0 5 
11. 

Pnor Focus 

02 
Post Focus 

0 
0 5 7 8 6 9 3 4 

Spatial Frequency (I/mm) 

Figure 5.9. The .VITF of first derivative through focus for a scanning laser with a 
ring aperture of the central obscuration = till. 
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0 5 6 7 3 8 9 1 2 4 

Spatial Frequency (1/mm) 

Figure 5.10. The MTF of second derivative through focus for a scanning laser with a 
ring aperture of the central obscuration = dll.  
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It is interesting to note that the MTF for three focus positions in Figure 5 8 have 

nearly the same shape and values This means the MTF is less sensitive to defocus because 

the quadratic function in Equation (5.5) changes less in a ring aperture than that in an 

open circular aperture. Thus, the depth of field of the scanner is effectively increased This 

is evident in Figure 5 11. where the MTF values of the ring aperture for two different 

defocus positions are plotted The system is defocused further from "Prior Focus" position 

toward the stop The MTF for the "Prior Focus position is reduced and yet has a value 

of 0 .1. The MTF values of an open circular aperture for the same two defocus positions 

are plotted in Figure 5 12 It is obvious that the MTF for the second defocus position is 

reduced to unacceptable level. 

-a ' \ 
; \ 

o 

0 
0 2 3 4 5 6 

Spafial Frequency n/mm) 
8 9 

Figure 5.11. The MTF for = d/1. The "Prior Focus" position is the same as that in 
Figure 5.8. The "Prior Focus position is defocused further. 
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It should be pointed out that the amount of increase in the depth of field by using a 

ring aperture is limited. As defocus becomes large, the MTF value in the tlat region of the 

medium spatial frequencies reduces to unacceptable level. 

0 9 

,^0 6 

5^ 04 -

u. 

5 0 3 

0 2  
Pnor Focus 

Pnor Focus -

Spatial Frequency (1/mm) 

Figure 5,12. MTF of negative defocus for dc = 0, i.e. no central obscuration. The 
"Prior Focus" position is the same as that in Figure 5.11. The "Prior 
Focus position is the same as Figure 5.11. 

The behavior of the MTF for a ring aperture can be understood by examining the 

irradiance profiles of the scanning laser, A laser with a ring aperture of c4 = dH has 

profiles in the scanning direction as shown in Figure 5 13. The increase in MTF values at 

high spatial frequencies is attributed to the sharpening of the center lobe of the laser 
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profile At the same time the side lobes of laser beam rise and hence reduce the value of 

the MTF at medium spatial frequencies. 

Figure 5.13. Laser profiles through focus in the scanning direction for a laser with a 
ring aperture of = rf/2. The three numbers are the full widths at Me'. 
They are 0.2016 mm at focus, 0.1685 mm prior focus and 0.2421 mm 
post focus respectively. 

The behavior of the MTF can also be understood by performing the auto

correlation of the ring aperture function. At high spatial frequencies just below the cutoff 

frequency the two ring functions starts to overlap. Since the MTF is normalized to the 

total area of the aperture flinction, the increase in the overlapping area is much faster than 

that for a regular circular aperture At medium spatial frequencies where the two rings are 

overlapped half way. there is little change in the overlapping area This is why there is a 

30 

0'= 
-0 5 -0.4 -0.3 -0 2 -0 1 0 0 1 0 2 0 3 0 4 0 5 

X (mm) 



boost in mtf at high spatial frequencies and a flat region in mtf at medium spatial 

frequencies. 

As the diameter of the central obscuration increases, the central lobe of the laser 

profile becomes narrower and the side lobes become higher. The boost in MTF at high 

spatial frequencies becomes slightly more significant and the flat region of medium spatial 

frequencies becomes wider and the values of MTF in the flat region become smaller The 

MTF at the three focus positions are presented in Figure 5.14 for = 0.75c/. We see that 

the three curves are essentially the same for spatial frequencies from 0 to 5 mm"' 

For a UPC bar code, the width ratio of the widest bar to the narrowest bar is 4 :1 

Thus, the response at medium spatial frequencies is important to a bar code scanner This 

response imposes a limit on the boost of resolution at high spatial frequencies and hence 

provides a limit to the size of the central obscuration. 



Post Focus AtF^us Prior Focus 

Spatial Frequency (1/mm) 

Figure 5.14. The MTF through focus for a scanning laser with a ring aperture of the 
central obscuration = 0.75f/. 
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5.5 Minimum Acceptable MTF Value 

Let us return to Equation (4.1), which is the expression for the photocurrent of the 

bar code without any constants neglected. We have 

}i(x) = —^I(x)*six). (5.13) 
/T 

Consider a bar code with sinusoidal reflectivity function. It has a maximum 

reflectivity R\, and minimum reflectivity Ro- It has a spatial frequency y). We have 

R , ^ R , ,  R , - R „  .  
,v(.v) = • ^ " sm(2;r^^,.r). (5.14) 

Substituting .v(.v) into Equation (5.13) and using Fourier transforms techniques, we 

obtain 

•nj> 

n  

R : + R , ,  R , - R ,  
J  s in (2  71^ , ,x )  (5.15) 

The first derivative of the bar code signal is then 

.ir'(,v) = • -ClirjR,-R,,)MTF{l„)4„cos(27r^„x). (5.16) 
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The signal to noise ratio (SNR) is defined as the peak of the first derivative divided 

by the square root of the variance of the total noise ctt, which is the summation of the 

variances of noise due to individual noise source. To ensure reliable reading of bar codes, 

the SNR is set to be a number N much greater than 1. That is. 

. s v v / , - - ^ ,  , s . . 7 )  

The minimum acceptable MTF value at spatial frequency Co is then 

N(7 
MTF (4 J = ^ . (5.18) 

The derivation of the signal to noise ratio provides a basic picture of the 

requirement to the analog signal filtering. It can be seen that the signal of a bar code with a 

larger reflectance difference {Ri, - Ro) has more tolerance to noise. The SNR t-.v. the noise 

a r for a typical bar code scanner is plotted in Figure 5 .15 Each curve is for a different 

MTF value. It can be seen that in order to have SNR » 1, an MTF value greater than 0 1 

in required 



Figure 5.15. Signal to noise ratio v.v. noise for different MTF values. 
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5.6 Signal Blurring 

Bar code signal blurring described in Chapter 4 can be understood with spectral 

analysis. Consider a space in a bar code scanned by a laser that has a width comparable to 

the width of the space. The spectral distribution of the space is the Fourier transform of 

the spatial fijnction. The spectrum of the output signal is the product of the spectral 

distribution of the space (the input) and the transfer flinction of the system. Since the 

scanning laser beam has a significant spatial width, the transfer function has a limited 

bandwidth. The high frequency content of the spectrum of the space is severely 

attenuated. Thus, the output spectrum is narrower than the input spectrum. Therefore, the 

spatial output signal that represents the space is widened. 

This is demonstrated in Figure 5 16, where the spectra of the input fijnction 

(the space) and the output function (image of the space), and the MTF are plotted 

The transfer function used here is the same as that shown in Figure 5.4 for the at-focus 

case, which cuts off at approximately ^ = 7 mm"'. The width of the space is 0.11 mm, 

which is approximately half of the fijil width at \le~ of the laser beam. It is interesting to 

note that the width of the input spectrum is significantly wider than the transfer function. 

Thus, the output spectrum (/(.^ is nearly the same as the transfer function MTF(^ The 

resolution limit of the system is reached. For all features substantially smaller than the laser 

beam spot, the best image that the system can produce is the point spread fijnction. 

The spatial output fijnction is plotted in Figure 5 17 It is calculated numericallv b\ 

calculating the Fourier transform of the output spectrum shown in Figure 5 16 We can 
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see that it is nearly the laser marginal profile, i.e., the point spread function of the system. 

To evaluate the amount of shift of a transition edge, the first derivative of the output is 

also plotted. The peak and trough in the first derivative indicate the location of transitions 

determined by the zero-crossing points in the second derivative. It can be seen that the 

amount of shift is approximately 10% of the width of space h. which equals the half width 

of the laser marginal profile w The amount of shift is in agreement with the value 

indicated in Figure 4 18 for case 4114. 

It is less convenient to evaluate the amount of shift of a transition edge with 

spectral analysis comparing to the spatial domain techniques discussed in Chapter 4 

because of the large number of fast Fourier transform (FFT) operations involved. It is 

cumbersome to evaluate the blurring and hence the transition shift for cases i| 14. 2i 14 and 

etc . where multiple bars and spaces are considered. Nonetheless, spectral analysis 

provides an important perspective in understanding the nature of signal blurring. It also 

provides an impoaant system property, which is the transfer function 
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Figure 5.16. Demonstration of blurring in the spatial frequency domain. G'(^ in 
solid line is the spectrum of the output function which is the product of 

the spectrum of the input (space) function, and the MTF. 
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Figure 5.17. The input (space) function s(x) is plotted in solid line. The output 
function (blurred image of space) and its derivative are plotted in dotted 
lines. 
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6 EXPERIMENTAL RESULTS 

Experiments were conducted to verify the effects of blurring in a real bar code 

signal. The amount of shift of the transition edge is analyzed and the possibility of 

correction is discussed. 

6.1 The Blurring Effect 

In Chapter 4 we show that when a narrow bar and a wide space or a narrow space 

and a wide bar are adjacent to each other, the transition edge formed by the bar and space 

is always shifted toward the wider unit due to signal blurring. That is, the narrow bar or 

space appears to be widened. This is observed in the following experiment. 

A UPC bar code with characters 012345678905 is used. The first number, 0 in 

bold, is the number system character and the last number 5 is the modulo check character 

It is the same label as that shown in Figure 2 .2. The width of one module is 254 |.im. It is a 

high contrast and high print quality label. The printing error in the width of a bar is less 

than ±10 |.im. The label is scanned by a laser beam with a Gaussian-like marginal profile 

Its half width at Me' is, U i, - 250 (.im. The impulse response of the electronic filter has a 

half width at Me' \t |. = 155 |,im. A Tektronix digital oscilloscope (Model 744A) is used to 

capture the TTL level waveform that contains the width of each space and bar determined 

by the scanner. The measurement is made after the block in the video circuit where the 

zero-crossing point is determined and a transition is set. The center portion of the 

waveform is shown in Figure 6 1. and corresponding data are presented in Table 6 1 
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Figure 6.1. The bar code signal with transitions generated by the zero-crossing 
points. 

Table 6.1. Data from the oscilloscope measurement for a segment of a bar code 

Space/Bar 1 - Bar Average Standard Width in Width Corrected 
Number 0 - Space Width Deviation Modules Correction Width 

(counts) (counts) (module) (module) 

I 0 Count 31.00 0.45 1.0 1.0 

2 1 Count 31.64 0.92 1.0 1.0 
-> 
J 0 Count 31.36 0.50 1.0 1.0 

4 1 Count 31.73 0.65 1.0 1.0 

5 0 Count 32.09 0.70 1.0 10 

6 1 Count 32,18 0.75 1.0 1.0 

7 0 Count 30.64 0.67 1.0 1.0 

8 1 Count 35,09 0.70 11 -0.1 1.0 

9 0 Count 119,18 0.60 3.8 + 0.2 4.0 

10 1 Count 37,73 0.65 1.2 - 0.2 1.0 

11 0 Count 88,91 0.70 2.8 + 0.2* 3.0 

* Another +0.1 correction comes from the 12th bar (one-module) not shown in table 

The width of a bar or space shown in Table 6 .1 is determined by the zero-crossing 

points, A total of 11 waveforms are acquired and the average widths of each bar and space 

are presented in column 3 All bars and spaces are numbered sequentially in column 1. A 
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bar is represented by a logic " I" and a space by a "0", as indicated in column 2. The widths 

of all bars and spaces are presented in column 3. A width is measured in counts of the 

sampling intervals of the oscilloscope. The average width for a single module is 3 1 52 

counts. This is calculated by taking the average of widths of one-module spaces and bars 

(1) through (7). There is no shift in the zero-crossing points due to blurring for these bars 

and spaces because they do not have wider (two, three and four module) neighbors. 

Entries in column 5 are the widths of each bar and space in module, i.e.. the values in 

column 3 divided by 3 1 52. Examining Figure 6 1, we can see that bar (8) is slightly wider 

than bar (6) and space (7) and bar (10) is even wider then bar (8). If we examine the 

values in columns 3 and 5, we can see that bar (8) is a approximately 3 counts wider than 

one-module bars and spaces (1) through (7). This is because bar (8) is adjacent to a wide 

space (9), so that the transition point is shifted toward the wide space. Bar (10) is about 6 

counts wider than bars and spaces (1) through (7), because bar (10) has two wide 

neighboring spaces (9) and (II). Zero-crossing points at both ends of bar (10) are shifted 

By substituting values ii i, and U|.; into Equation (4 14), we have 

= -v/vVi" + vt'j" -300juni 

That is, the total width of blurring of the system is 300 |im. The ratio of the 

module width of the bar code to the total width of blurring is then, hh\' = 254/300 = 0 85 

To facilitate the comparison of theory with the experiment, we replot Figure 4 1! here as 

Figure 6 2 Following the curve for the case 4} 14. we have that the transition edge 
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between a narrow bar and a wide space shift 14% of the total blurring width, w^. The 

theory predicts that the width of a narrow bar will be increased by 0.14*ivs if it has one 

wide neighboring space or by 0 28*H s if it is sandwiched by two wide spaces From Table 

6.1, we have 31.52 counts for a bar of width 254 |j,m. Thus, the system blurring width ws 

= 300 |j.m = 37.2 counts. The increase in width for bar (8) is then (35.09 - 3 1.52) / 37.2 = 

0 10*vrs, which is less than the predicted 0.14*vi's. The experimental result is presented in 

Figure 6.2 as point I (Point 2 is discussed in Section 6.2.). 

The 0 04 difference from the value predicted by the theory can be attributed to the 

deviation of the laser profile at the point of measurement from a perfect Gaussian shape, 

which is the profile used in the theoretical treatment in Chapter 4. Examining the laser 

profile shown in Figure 6.3 reveals that the slope near the peak is much higher than that of 

a Gaussian with the same Me' width and the slope near the bottom is smaller than that of a 

Gaussian Both factors contribute to the smaller peak shift of the first derivative. 

The predictability that the transition edge formed by a bar and a space always shifts 

to the wider unit suggests the possibility of compensating the blurring effect. Even though 

the exact profile of the laser beam and its width can not be found in real time by a scanner 

because a bar code can be anywhere inside the scan zone, an estimate of the width of the 

laser beam can be made We can always take a conservative approach to avoid over

correction In most cases where a bar code is just beyond recognition due to blurring. 

there is only a small amount of blurring-correction needed to decode the bar code It is not 

difficult of to decode a waveform that is blurred slightly. In the above case, we can just 
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correct 0.05*irs per narrow-to-wide transition, rather than 0.10*vfs as shown in columns 6 

and 7 of Table 6.1. 
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Figure 6.2. Point I: it'i. = 250 fiiti, = 165 |j.in, Ws = 300 |j,in, h = 254 |iin, 
hhv = 0.85, shift = O.IO (experiment), shift = 0.14 (theory); 
Point 2: u'l, = 110 |im, »fK = 227 fim, Ws = 252 [im, h = 169 ^m, 
hhv = 0.67, shift = 0.22 (experiment), shift = 0.20 (theory). 
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Figure 6.3. The laser marginal profile in solid is used in generating the bar code 
signal in Figure 6.1. A Gaussian of the same width is plotted in dashed 
curve. 

6.2 Over-Printed Bar Codes 

In a typical retail store, a number of bar codes are either over-printed or under-

printed .An over-printed bar code has wider bars than spaces of the intended widths One 

of the reasons is ink spreading in the press-printing process Let us define the intended 

module width as " <" .A. 42% over-printed label means that a one-module bar is 1 42 > 

wide, a one-module space is 0 58 < wide, a two-module bar is 2.42« wide, and so forth. .A 

segment of a 42° o over-printed label is shown in Figure 6.4 The digitized waveform data 
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of the same segment are presented in Table 6 .2 and shown graphically in Figure 6 5 The 

same data collection technique as that described in Section 6 1 is used. 

In Table 6 2. all bars and spaces are numbered sequentially in column 1. A bar is 

represented by a logic " 1" and a space by a "0" as indicated in column 2. Column 3 

contains the measured interv al counts of the width for each bar and space determined by 

zero-crossing points and column 4 shows the width in modules. Column 5 shows the 

actual printed widths corresponding to what shown in Figure 6.4. e.g.. bar (3) is of 1 42 

module, which is 42% over-printed. 

We can see that space (4) has the narrowest width and has two relatively wide 

neighboring bars in Figure 6 4 This is also indicated in column 5 of Table 6 2 E.xamining 

column 3 in Table 6 2. we can see that space (4) is widened significantly Its neighbors. 

bars (3) and (5) are narrowed at the same time. It can be noted that the width of wide 

space (2) is similar to its non-blurred width, i.e.. 1 58 in column 5. because it is 

sandwiched by two relatively wide bars The widths of bar (7) and space (8) are also 

retained for the same reason. However, space (6) is unexpectedly widened bv 4'' o This 

could be caused by localized printing inconsistency or a dust particle in the label or in the 

optical path of the laser beam. 

The blurring effects are demonstrated graphically in Figures 6 4 and 6 5 The 0 58-

module space (4) in Figure 6 4 is widened at both sides and becomes almost a one-

module space in Figure 6 5 If the bar code w ere not over-printed, blurring would not 

occur at either side of space (4) because it would be sandwiched bv two one-module bars 
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In this case, the left edge of space (4) could be represented by 2i| 1 and the right edge by 

l i l z  

As predicted by the theory in Chapter 4, blurring has minimal effects at the 

transition edge of a relatively wide bar to a relatively wide space, such as that of 3 42-

module bar (I) and 1.58-module space (2). or, 1.58-module space (2) and 1.42-module 

bar (3), The fact that blurring only occurs at a narrow to relatively wide transition makes it 

difficult to compensate correctly for over-printed labels, because the printing error tends 

to be uniform across the entire code. 

In this experiment, »'i = 110 ^im. u j; = 183 !J.m. ws = 213 |j.m. /) = 147 |i.m. h!\v = 

0 67 The amount of shift for each edge in space (4) is measured to be 0.22. while the 

theoretical prediction is 0 20 for h/w = 0.67. The data are presented as point 2 in Figure 

6 2 The recovered edges in this case show more shift than what the theory predicts This 

can be attributed to the fact that the laser profile in this case is approximately a sinc-

squared function. It has lower slope at the top and higher slope near the bottom as shown 

in Figure 6.6. Both factors cause more shift at the transition edge. 

It can be concluded that for two laser profiles of the same Me' width, the amount 

of blurring also depends on the shape The sharper laser beam produces less blurring For 

the laser system with through focus profiles shown in Figure 3 6. we can predict that the 

profile prior focus blurs less than a Gaussian with the same Me' width because it has a 

sharper top. The profiles post focus blurs more than a Gaussian because it has a wider top 

Blurring effects hinder the accuracy in estimating the amount of over-printing in a 

bar code I nderstanding blurring effects can improve the capabilitv of determining the 
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amount of printing error and the accuracy of compensation. This in turn may increase the 

percentage of successful reads in a scanner. 

Table 6.2. Data From the oscilloscope measurement for an over-printed bar code 

Bar/Space Number 1 - Bar 

0 - Space 

Width Counts Width in Modules Printed Width 

in Modules 

1 I Count 86 3.31 3.42 

2 0 Count 41 1.58 1.58 

J 1 Count J J 1.27 1.42 

4 0 Count 25 0.96 0.58 

5 1 Count 32 1.23 1.42 

6 0 Count 70 2.69 2.58 

7 1 Count 37 1.42 1.42 

8 0 Count 41 1.58 1 58 

Figure 6.4. A 42% overprinted bar code. Note that space (4) is narrow. 
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Figure 6.5. The bar code signal determined from the zero-crossing point of the same 
42% over printed bar code shown in Figure 6.4. Note that space(4) is 
widened due to blurring. 
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Figure 6,6. Laser profile of a sinc-squared function (solid curve) compares to a 
Gaussian profile of the same Me' width. 
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7 CONCLUSION 

To conclude, we summarize this work first and then discuss potential fliture 

developments. 

7.1 Summary 

As a laser scans across a bar code, the back scattered light is received by a 

photodetector. The received light is modulated by the reflectivity of the bars and spaces. 

The detector converts the light variations into electronic signal. The bar code signal can be 

modeled as the convolution of the laser marginal profile and the bar code reflectivity 

function. As the bar code goes out of focus, the laser spot size and the width of its 

marginal profile increase. The modulation of the bar code signal is reduced. The bar code 

signal is blurred. The amount of blurring depends on the blurring parameter h/\i\ which is 

the ratio of the width of minimum bar to the half width at Me' of the laser marginal profile 

After the bar code signal is amplified and filtered, the first derivative and second 

derivative are taken electronically. The peak value of the first derivative is compared to a 

threshold. If the peak is higher than the threshold, the circuit is set to seek a zero crossing 

in the second derivative. A transition in logic state is set upon the detection of the zero-

crossing point. 

When the signal is blurred, the zero-crossing point in the second derivative is 

shifted and the peak level of the first derivative is reduced. The shift is always in such a 

way that the narrower unit (bar or space) is widened The amount blurring for all 
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combinations in a UPC symbol are approximately the same as the case 4| 14 as long as h/w 

> 0.7, which is the working range of a typical bar code scanner. A special case is i| 14. It 

has no shift in the zero-crossing point due to symmetry and it suffers the most peak 

reduction. The amount of shift in the zero-crossing point for.r|l4 (r < 2) varies slowly 

which implies that the same amount of shift compensation may be attempted for different 

amount of blurring in over-printed and under-printed bar codes. 

The amount of blurring also depends on the shape of the laser marginal profile. A 

profile with a sharper top, such as in the prior focus case, produces less blurring. A profile 

with a wider top, such as in the post focus case, produces more blurring. Blurring is a 

result of the attenuation of high spatial frequency content in the signal. 

The MTF of bar code scanning system can be used to assess the performance of 

the system in spatial frequency domain. The MTF of bar code scanning is the one-

dimensional Fourier transform of the laser marginal irradiance profile. The MTF at focus 

can be written as the normalized auto-correlation of the complex electric amplitude 

ftjnction in the stop. The cutoff frequency depends on the width of the stop and the 

distance from the stop to the bar code. At the extremes of the depth of field, the MTF 

values at medium to high spatial frequencies are significantly reduced. The signal is 

blurred. The narrow bars and spaces are widened and their modulation is reduced. 

7.2 Future Development 

Since its adaptation more than twenty years ago, the UPC symbol has proven to be 

well suited for retail industries The original design resulted from careftil studies.'' The 
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properties of self-clocking and omnidirectional scannability are essential because the bar 

code on an item that is passed over the scanner at the checkout station can be any distance 

from the scan window and can be in any orientation. The specification that the minimum 

width is greater than 0.008 mil (0.2 mm) gives just enough depth of field for the scanning 

laser beam. The limitation of the UPC symbol is that it only contains information in eleven 

digits. 

In recent years, a few new bar code symbols have been developed to meet the 

demand in applications other than retail that require more information to be carried in a 

bar code symbol, such as Code 39 and Code 128."" Those applications include the 

shipping label of a package and the label for an item on the shelf in a warehouse. Since the 

minimum width can not be reduced significantly in order to have acceptable tolerance in 

printing and a depth of field in scanning, most new codes have a long format in order to 

have many more encoded characters than UPC The information content, defined as 

encoded words per module, of the newer codes are about the same as that in a UPC 

symbol.'^ The property of omnidirectional scannability is obviously sacrificed because it is 

less important in these applications. Usually, long labels are read with a hand-held single-

line scanner. 

Although the analysis presented in this work is done for a UPC symbol, the results 

may be applied to other bar codes. When a bar code is scanned by a laser with the \le~ 

spot diameter greater than the modular width of the bar code, blurring effects are present 

in the bar code signal. The transition edge between a narrow bar and a wide space that is 

determined by the zero-crossing point in the second derivative of the bar code signal is 
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always shitted toward the wider neighbor such that the narrower unit appears to be wider. 

This blurring error limits the attainable depth of field of a scanner 

To extend the depth of field, holographic bar code scanners were introduced to the 

market in 1980 by IBM and Fujitsu/"^ This type of scanner has a holographic deflector 

that deflects and focuses the laser beam. The deflector is a spinning disk that usually has a 

few sectors placed circumferentially. Each sector is an unique holographic optical element 

(HOE). Each sector can focus the laser to a different focal plane and deflects the laser in a 

different direction. It was labeled the fijture of bar code scanning. However, it has not 

been commercially successful. Part of the reason might be that the cost is higher than that 

for a conventional scanner, so that it is hard to convince a retailer that it really worths 

extra money Most of the cost added is in the fabrication of the deflector because the 

volume of units is low. IBM exited the scanner business quite a few years ago. The only 

sizable manufacturer that still makes a holographic scanner for retail applications is 

Fujitsu. Today, with the knowledge of mass producing a compact disk, the cost of mass 

producing the deflector may be reduced significantly. It is possible that now is a better 

time to evaluate the advantages and draw-backs of the holographic scanner. 

A conventional scanner with multiple sources was proposed over the years."'"' 

With the advancement in mass production of the visible laser diode (VLD), the price of a 

VLD is below ten dollars today. It is economically feasible to have two or more sources in 

one scanner All the laser beams generated with multiple sources can be focused at 

ditTerent points to provide larger depth of field. They also enable independent multiple 
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channels of parallel processing of the bar code signal, which increases the probability of a 

successful read. 

Focus stepping techniques in a conventional scanner have also been proposed to 

extend the depth of field of a scanner. Other than tracking the focus continuously as in 

a compact disk player, the focus of the laser beam is stepped through a few predetermined 

positions. The focus is fixed for a period of time to allow the processor to determine if a 

bar code is in the depth of field. The focus is then stepped to the next position for the 

scanner to seek valid bar code signal. The transition of focus points is very fast to 

minimize the probability of scanning of a bar code during this transition period. 

It is hard to obtain a depth of field that is larger than what is given by the free 

space Gaussian beam for a bar code scanner. The question is that if it is ever possible to 

produce a laser beam that has significantly larger depth of field than a Gaussian beam 

given any field distribution at the exit pupil of the laser focusing system. This could be a 

very interesting project. One may divide the pupil into a number of smaller zones. Each 

zone can have its own field distribufion (amplitude and phase). The field distribution at any 

point in space is the addition of the contribution of all individual zones. There could be a 

solution for the condition that the depth of field is maximized Apparently, it is hard to find 

this condition analytically. A set of modeling techniques have to be developed along the 

way of finding this super condition. 

The analysis of a ring aperture in Chapter 5 provides a good starting point. It 

extends the depth of field and boosts the resolution of high spatial frequencies. However, 

the response at medium frequencies is compromised To reduce the effects of the side 



lobes in the readout systems of optical disks, a electric filter scheme is proposed by 

Tanabe."' The effectiveness of this scheme in a bar code scanner should be investigated 

It is proposed that the mid-point of a bar and space is a better quantity than the 

edge between a bar and a space to be used in the recognition of bar code waveforms ~ It 

has better noise immunity and is insensitive to printing errors such as over-printing It is 

reported to be less affected by the blurring of laser spot and electronic filters. It has 

extended the depth of field of reading a UPC symbol by at least 43%. More study is being 

conducted to prove the robustness of this technique so that it truly in most cases if not all 

cases better than those that use the zero-crossing of the second derivative 

With the understanding of the behavior of the signal blurring, one can attempt to 

correct the blurring error modestly so that the waveforms at the end of the depth of field 

are not beyond recognition. When the time interval counts of a single module bar or space 

are low , we can make an assumption that the bar code is at the far end of the depth of field 

because the laser beam scans fast at the farther end. According to Figure 4.11. we can de-

blur the signal by simply shitting the transition point toward the narrower unit at any 

narrow to wide transition. A moderate amount of 5% module width may be just enough 

for the decoder to recognize the codes in a blurred waveform. For example, the wav eform 

given in Figure 6 1 has a count of 35 for space (8). If we correct 5°o, that is 2 counts, the 

corrected width of space (8) is 33, which is very close to the correct count of 32 This 

minor correction could increase the probability of the successful read percentage at the 

end of the depth of field Nonetheless, extensive studies must be carried out to prove the 

robustness of the new algorithm. 



As the pertbrmance of computer processor rises and its cost falls exponentially, it 

is conceivable that a poor bar code signal at the output of the amplifier and filter can be 

deblurred and processed directly. The algorithm that uses first derivative threshold and 

second derivatives zero-crossing extracts information out of the raw bar code signal. In 

the process, other useful information is thrown out. An algorithm that deblurs the raw data 

and process them using all relevant information may help to push the performance of the 

bar code scanner beyond current boundaries. 
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