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

4.5 Shift of Transitions in a UPC Code 

69 

The analysis in Section 4. 3 for a single space can be readily applied to the case of a 

1111 segtnent. The contributions from the marginal profiles of transitions at x = -4 and x = 

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 1111 due to 

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

by the two negative beatn profiles on both sides, which are located at x = -1 and x = 1 
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respectively. The tirst derivative signal for case lll:! is shown in Figure 4. 9. Another 

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

exactly the same as :! i l :!. The contribution of the negative profile at x = -2 cancels that of 

the positive pro tile at x == 2. This can also be seen analytically. In the case of J ! I L we 

have 

g' ( 0 ) = I ( 0) - !( - l ) + I ( - 2) - I ( 2 ) 

==1{0)-l(l), 

provided that l(x) is an even function. 
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Figure 4.9. The first derivative signal (solid curve) of the transition in !II:!. It is the 
sum of the three dotted curves, which are marginal profiles. The bar 
code function is also plotted. In this plot, h = l and w = l. 
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ln reality, a number ofbar codes are over-printed. Generally speaking, an over­

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

important to understand the shift ofthe 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. I 0 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 I 2 modules wide comparing to the intended width of I module, while 

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

1.210.81.2. 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 UIIU Furthermore, since the right edge ofbar (5) is far enough away 

from the transition between bar ( 3) and space ( 4 }, we can replace Ulll. 5 with I . 5 I I:!. 

The zero-crossing shift of the transition l. 5 II:! is plotted in Figure 4 .I 1 The shifted 

amount is relative to the halfwidth at lle2 ofthe laser marginal protile. For example. at 

h!w = I. the shift is 7.5% ofthe halfwidth at l/e2 ofthe marginal protile. The zero­

crossing shift for cases of 211:! and :!II:! are also plotted. It should be noted that the 

abscissa at the top of the frame represents the case of 1 ! I:! since there is no shift of the 

zero-crossing point for any amount of blurring. We can generalize Figure -t 18 by using 

!! 1:! to represent each case. We have x = I. 1.5, 2 and 4 respectively. As x decreases. the 



amount of shift of the zero-crossing point decreases, and it approaches zero when x is 

close to I. 

3 4 5 6 7 8 

0 0 0 0 0 0 0 0 

Figure 4.1 0. A segment of a 20% over-printed bar code. Bar (3) is 1.2 modules width 
comparing to the intended width of I module, while space (4) is only 0.8 
module. 

For an accurately printed bar code, x = 11 = I. 2, 3 or 4. We know that there is no 

zero-crossing shift due to blurring for the transition in 111::!. From Figure 4.11 we can 

conclude that as long as hlw > 0. 7 and n ~ 2, the zero-crossing shift point of ull:! is 

essentially the same as that of :!II:!. For a bar code with over-printing error less than 20% 

(x s I. 5 ), the shift of zero crossing for the case ,ril1 is less than I 0% of the half width of 

the marginal protile of the laser beam, w 
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Figure 4.11. Shift of transition point for bar codes .£11:!. The amount of shift is 
relative to the half width at 1/e1 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 protiles 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 
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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 ofthe 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 ofthe first derivative is reduced 

Substitute the root of Equation (410) near x = 0, denoted Xo, into Equation (4.8). we have 

the peak of the first derivative, 

(4.11) 

For the case of :!I 11. we have plotted the peak reduction in Figure 4. 12 For small 

amount of blurring. b/w = I, 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 .1,'"'( 0 ). i e .. 

g'(O) = /(0) -/(-h) (4.12) 

The behavior off{'(O) is also plotted in Figure 4.12. It can be seen that g'(O) 

produces more reduction than the real peak value given by g'(x.,) 
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Figure 4.12. Reduction of the peak of the first derivative for case .:!ll,:!. Solid curve is 
g'(xn) and dashed curve is for g'(O). 

A special case is lll ::!. 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 protiles are located the closest to the positive peak. We have 

;.((0) = /(0) -/(-h) -/(h). 

Figure 4. 13 shows the reduction of the peak level of case 1111 As a reference. the 

approximate peak reduction for case :!i l ~!. i.e., .lf(O), is also plotted. 
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Figure 4.13. The peak value of the first derivative at x = 0 for !IIi is plotted in solid 
curve. As a reference, the approximate peak value for ,:!11.:! is also plotted 
in dotted curve. 

It can be noted in Figure ~.13 that. for case l! 1:!, at h!w == 0589. R'(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. 

/(x) == "'xp[-2(h lt')'] == 0 5. The ratio ofthe full width at 1/e' maximum ofthe beam. 211'. to 

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

edge at x == 0 using the first-derivative threshold algorithm. lt 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., 2w=3.4b, the peak of the first derivative at x = 0 
disappears, g'(O) = 0. The first derivative signal near x == 0 is drawn in 
the solid curve. 

The approximate peak values, g(O), for other combinations possible in a UPC bar 

code is presented in Figure 4 15 It can be seen that the :!II:! case has the least peak 

reduction and the 111:! case has the most reduction. For hlw 2: 0. 7, the results for all cases 

except 111:! are practically identical to :! II:!. The similarity of the reduction in peak value 

of most cases to that of:! II:! for hlw 2: 0. 7 is in accordance with the fact that the amount 

of shift of transitions for cases nil:! ( n > 2) is very close to that of:! II:! as shown in Figure 

-U I 
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Figure -t15. Peak reduction for different cases in a U PC 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 ofthe second derivative may be shifted. 
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Generally speaking, the blurring phenomena coexist. The total amount ofblurring 

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(xlwL) = exp[ -2(x/wL)2
] and the impulse 

response of the electronic filter is h(x/wE) = exp[ -2(x/wE)2
], where wL and wE 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(xlwL) and h(xlwE), i.e. 

h(xjw s) = h(xjw L)*h(xjw E), (4.13) 

where Ws is the blurring width of the equivalent impulse response of the system. 11 

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

expressed in terms of wL and wE. 

(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 function. 
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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 ( 4.1) 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 function. 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 

g(x) = s_: !(a)· s(x -a)da = I(x)* s(x), (5.1) 

where J(x) is the marginal function associated with the laser beam irradiance distribution 

function i(x,y) given in Equation ( 4.5) and s(x) is the bar code reflectivity function. 

Equation (5.1) has the same form as that for a one-dimensional linear shift­

invariant (LSI) system, with g(x) being the output, s(x) the input and I(x) the impulse 

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

response. Therefore, the transfer function of bar code scanning takes the form of :J{l(x) }, 

where :; represents Fourier transform operation. 
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5.1 MTF of an Idea/Incoherent Imaging System 

It is useful to exatnine an optical itnaging system before evaluating the MTF for 

bar code scanning. Consider an one-ditnensional optical systetn as shown in Figure 5 .1. 

The cylindrical lens only has power in x-direction and the stop only has litnits in x-

direction. Folio wing the development of incoherent itnaging in Chapter 11 of Gaskill, we 

obtain the irradiance of the diffraction image 

I~ (x) = I~ (x)* fv 26 (x), (5.2) 

where I; ( x) is the one-dimensional gemnetrical image irradiance and fv26 ( x) is the one-

dimensional incoherent itnpulse response or point spread function of the systetn that forms 

an itnage (at z6) of the object (at z2).
11 

Object 

Cylindrical 
lens 

Figure 5.1. One-dimensional imaging system. 

Image 



82 

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

function and is given by 

(5.3) 

where p4(x) is the complex amplitude transmittance of the stop at z = z4, Z46 is the distance 

from the stop to the image (at z6) and r P
4 
is the complex auto-correlation of p4(x), i.e. 

(5.4) 

For a system withp4(x) = rect(xld), X26(?J = tri(.Az46r;ld). The cut-off frequency is 

then Sc = d/ AZ4G· 

5.2 lrradiance Distribution of the Scanning Laser 

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

to derive the laser irradiance distribution function i(x,y) and its marginal function I(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. 11 

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

Z4 can be written as 
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(5.5) 

where u4(x,y) is the electric field distribution at Z4, A is the amplitude and absolute phase 

of the wave field emitted by the laser diode, au = 1/(A.zu), YY represents two-dimensional 

Fourier transform operation, t3(x,y) is the c01nplex electric amplitude in the stop at Z 3 and 

the quadratic factor q(x ,y ;a) = e 1"a cx
2

+y
2

) with a= 1 I (...ii) and 

Focusing 
lens 

Focal Plane 

~~~--
1 z, j __ z34 ____. ____.~s 

Zs 

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

Generally speaking, Equation (5.5) is difficult to evaluate analytically. However, if 

the observation plane z4 (or the bar code symbol plane) is located at the conjugate plane of 

the source we have z4 = z 5, a 4 = a 35 , z45= 0, z = oo, a= 0 . As a result, q(x ,y; a) = 1 
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and the Fourier transform operation in Equation ( 5. 5) is simplified. The irradiance 

distribution at the plane Z4 = zs is given by 

. ( . ) = JAJ2 Z 25 _I_ r _x _ _2_ ( )
2( ) 2 ( ) 2 z5 x,y 1 3 , , 

z3s A z3s A z3s A z3s 
(5.6) 

where T3(x,y) is the Fourier transform oft3(x,y), T3(;,1J), with;= x!f...z3s and 1] = y/f...z3s. 

The marginal irradiance distribution function is then 

We assume that t3(x,y) is an even function because we choose the x-direction to be 

perpendicular to the junction of the laser diode. Function T3(x,y) is even since t3(x,y) is an 

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

5.3 MTF of Bar Code Scanning 

It can be noted that the expression for the photo current signal of a bar code, 

Equation (5.1), has the same form as Equation (5.2), which represents the relationship of 

the diffraction itnage and the geometrical itnage in an incoherent imaging system. 

Analogously, we assign g(x) as the diffraction image irradiance, s(x) as the geometrical 

image irradiance and l(x) as the point spread function. The optical transfer function (OTF) 

of bar code scanning is then related to the Fourier transform of I (x). 



The optical transfer function of bar code scanning is defined as 

0 TF = J {I ( x)} 

s_: I(a)da 
(5.8) 

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

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

Consider the case that t3(x,y) is separable in x andy, i.e. t3(x,y) = t1(x) · tl(y). This 

true if we choose the x-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 t3(x,y) is then the 

product of two one-dimensional Fourier transforms oft1(x) and t2(y). We have 

(5.10) 
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where T1(x) and Tiy) are Fourier transforms of t1(x) and t2(y) respectively. 

Using the properties of the Fourier transform and the fact that both T(x) and t(x) 

are real and even functions, we have J{T(x)} = t(~ and J{!T(x)l2
} = Yt(~ = t(~*t(~. 

Function Yt( ~ is the auto-correlation oft(~-

Equation (5.10) becomes 

The modulation transfer function is then 

MTF(~) = y ~~ (A-z3s~). 
Yt

1 
(0) 

(5.11) 

Consider a scanner laser system that has a rectangular amplitude transmittance 

function at the stop, t1(x) = rect(xld), where dis the width of the stop in x-direction. The 

MTF of bar code scanning is 

MTF = tri(A~,q), 

as illustrated in Figure 5.3. The cut-off frequency ofthe MTF is ~c = d/A-z35 . 

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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fi·equency depends on the width of the stop and the distance from the stop to the image 

plane. The marginal profile of the laser, I(x) , is the effective point spread function of the 

laser focusing system in a scanner. The bar code function s(x) 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 sy1nbollocated in the focal plane of 

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

stop of the laser system has a sitnple 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 . 

Figure 5.3. MTF of laser scanning. The complex amplitude transmittance is a 
rectangle function of width d and Z3s is the distance of the scanning 
plane to the stop. 
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The irradiance distribution profiles of a laser diode systetn 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/A.z and the mnount of defocus & /z 

for a bar code scanner can be as much as 0.25 . 
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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 function since the field atnplitude distribution 

at the stop is nearly a rectangle function. The cut-off frequency at focus is approximately 4 
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= 7 mm-1
. Thus, any signal that has a period less than Tc = 117 = 0.14 mm cannot be 

resolved. This means a space or bar in a bar code with a width less than half of Tc, i.e. 0.07 

tnm, cannot be detected. It is interesting to note that the MTF prior to focus flattens out at 

s = 4. This flat region starts at c; = 4 tnm- 1 and extends beyond the cut-offfrequency 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 c; = 4 mm-\ and the sharp peak has a cut-off frequency c; = 8.5 

tnm-1
. At frequencies beyond c; = 4 mm-1 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 c; = 

8 mm-1
. 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 sin(q). The first derivative is given by c;cos(q). 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 c; 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 

c; with the corresponding MTF( c;) values given in Figure 5. 4. 



90 

Similarly, the MTF of the second derivative of the bar code signal is evaluated by 

multiplying the .;2 with the MTF ofbar code scanning. The MTF curves of the second 

derivative are plotted in Figure 5.6 

lt is evident that the MTF tor the first derivative increases at high spatial 

frequencies due to the multiplication ofthe factor.;. The increase at high frequencies is 

more significant in the MTF of the second derivative due to the multiplication of the ,f 

factor. Using the derivative of a signal to boost the level of high frequency content is a 

widely used technique in analog signal tiltering in the bar code scanner industry. 
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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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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 systetns.14 With central obscuration of the 

aperture, the tnodulation transfer function at high spatial frequencies is boosted. In this 

section, we examine the application of central obscuration to a bar code scanning system. 

We find that the resolution at high spatial frequencies is boosted and the depth of field is 

also increased . However, the response at 1nedium 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 de. The amplitude 

transmittance function of the ring aperture can be expressed as 

r r 
t3 (x ,y) = cyl(-)- cyl(-), 

d d e 
(5.12) 

Figure 5. 7. The ring aperture. 



,. ,----
where '-YI(-) represent the cylindrical function of diameter d and r = ~x; + y; 

d 
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The modulation transfer functions through focus for a scanning laser with a ring 

aperture of,(== d/2 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. I 0. 
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Figure 5.8. The MTF through focus for a scanning laser with a ring aperture of the 
central obscuration de = d/2. 
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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 mediutn 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 de. 
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Figure 5.9. The MTF of first derivative through focus for a scanning laser with a 
ring aperture of the central obscuration de = d/2. 
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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 fr01n "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. 
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Figure 5.11. The MTF for de= d/2. The "Prior Focus" position is the same as that in 
Figure 5.8. The "Prior Focus-" position is defocused further. 
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l t 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 t1at region ofthe 

medium spatial frequencies reduces to unacceptable level. 

0.2 
I 

0 1 ~ 

2 3 4 5 6 7 8 9 
Spatial Frequency (1/mm) 

Figure 5.12. MTF of negative defocus for de= 0, i.e. no central obscuration. The 
11 Prior Focus" position is the same as that in Figure 5.11. The 11 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 c.( == d/2 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 



protile. At the same time the side lobes of laser beam rise and hence reduce the value of 

the MTF at medium spatial frequencies. 
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Figure 5.13. Laser profiles through focus in the scanning direction for a laser with a 
ring aperture of tl" = d/2. The three numbers are the full widths at lle1

• 

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 function, 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 whv there is a 



boost in MTF at high spatial frequencies and a flat region in MTF at medium spatial 

frequencies. 

99 

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. 75d. We see that 

the three curves are essentially the same for spatial frequencies from 0 to 5 mm- 1 

For a UPC bar code. the width ratio of the widest bar to the narrowest bar is 4: I 

Thus, the response at medium spatial frequencies is imponant 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 ofthe central obscuration. 
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Figure 5.14. The MTF through focus for a scanning laser with a ring aperture of the 
central obscumtion clc = 0. 75c/. 
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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 

{;lk:Q 
g(x) = -I(x)*s(x). (5.13) 

7r 

Consider a bar code with sinusoidal reflectivity function. It has a maximum 

reflectivity RL and minimum reflectivity RD. It has a spatial frequency ;o. We have 

R +R R -R . 
s(x) = L D + L D stn(2n;

0
x). 

2 2 
(5.14) 

Substituting s(x) into Equation (5.13) and using Fourier transforms techniques, we 

obtain 

hik:DP [R +R R -R . ] g(x) = 7r 
0 

L 

2 
D + L 

2 
D MTF(~0 ) stn(2n;0x) . (5.15) 

The first derivative of the bar code signal is then 

(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 crT, which is the summation of the 

variances of noise due to individual noise source. To ensure reliable reading ofbar codes, 

the SNR is set to be a number N much greater than 1. That is, 

SNR = JJ(J?JJP o(R L -RD)MTF(~o)~o = N >> 1. (5.17) 
O'T 

The minimum acceptable MTF value at spatial frequency ~o is then 

MTF(J: ) - No-T 
'=' 0 

- 1 rRDP (R - R ) ;: 
) 0 L D '='o 

(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 (RL - Ro) has more tolerance to noise. The SNR vs. the noise 

crT 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. 
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Figure 5.15. Signal to noise ratio vs. 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 function. The spectrum ofthe output signal is the product of the spectral 

distribution of the space (the input) and the transfer function ofthe system. Since the 

scanning laser beam has a significant spatial width, the transfer function has a limited 

bandwidth. The high frequency content ofthe spectrum ofthe 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 function S( 0 

(the space) and the output function G(.;) (image ofthe 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·l The width of the space is 0 II mm, 

which is approximately half of the full width at 1/e2 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( 0 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 function 

The spatial output function is plotted in Figure 5 17 It is calculated numerically by 

calculating the Fourier transform ofthe output spectrum shO\vn 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 ofthe 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. w·hich equals the half width 

of the laser marginal profile 11'. The amount of shift is in agreement with the value 

indicated in Figure 4 18 for case :!II:! 

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 ofthe large number of fast Fourier transform (FFT) operations involved. It is 

cumbersome to evaluate the blurring and hence the transition shift for cases 111 :!. ~i I:! and 

etc . where multiple bars and spaces are considered Nonetheless. spectral analysis 

provides an imponant perspective in understanding the nature of signal blurring. It also 

provides an imponant system propeny. which is the transfer function. 
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Figure 5.16. Demonstration of blurring in the spatial frequency domain. (i( ~ in 
solid line is the spectrum of the output function which is the product of 
S( 4), 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 ofi space) and its derivative are plotted in dotted 
lines. 



6 EXPERIMENTAL RESULTS 

Experiments were conducted to verify the effects ofblurring 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 
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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 ~tm It is a 

high contrast and high print quality label. The printing error in the width of a bar is less 

than ±I 0 ~tm The label is scanned by a laser beam with a Gaussian-like marginal profile. 

Its half width at I /e~ is. wr. == 250 ~tm. The impulse response of the electronic filter has a 

half width at I /e~ wl' = I b5 ~tm. 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 ofthe 

\vavefonn is shown in Figure 6 I. and corresponding data are presented in Table 6 I 
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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) 
1 0 Count 31.00 0.45 1.0 1.0 
2 1 Count 31.64 0.92 1.0 1.0 
3 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 1.0 
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 1.1 - 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. 
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The width of a bar or space shown in Table 6.1 is determined by the zero-crossing 

points. A total of 11 wavefonns 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 11 111 and a space by a 11 0 11
, as indicated in column 2. The widths 

of all bars and spaces are presented in colutnn 3. A width is measured in counts of the 

satnpling intervals of the oscilloscope. The average width for a single module is 31.52 

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 colutnn 5 are the widths of each bar and space in module, i.e., the values in 

column 3 divided by 31.52. 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 (1 0) is about 6 

counts wider than bars and spaces (1) through (7), because bar (1 0) has two wide 

neighboring spaces (9) and (11). Zero-crossing points at both ends ofbar (10) are shifted. 

By substituting values WL and WE into Equation (4.14), we have 

.J 2 2 ') 00 Ws= W1 +WE =-' J.1111. 

That is, the total width of blurring of the system is 3 00 IJ.m. The ratio of the 

tnodule width of the bar code to the total width ofblurring is then, b!w = 254/300 = 0.85. 

To facilitate the comparison of theory with the experiment, we replot Figure 4.11 here as 

Figure 6.2. Following the curve for the case 1111, we have that the transition edge 



Ill 

between a narrow bar and a wide space shift I 4% of the total blurring width. ws. The 

theory predicts that the width of a narrow bar will be increased by 0. I 4 *ws if it has one 

wide neighboring space or by 0.28*ws if it is sandwiched by two \vide spaces From Table 

6. I. we have 31.52 counts for a bar ofwidth 2541J.m. Thus, the system blurring width ws 

= 300 IJ.m = 37.2 counts. The increase in width for bar (8) is then (35 09- 31 52) I 37.2 = 

0 IO*ws, which is less than the predicted 0.14*ws. 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 ofthe 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 I /e 2 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 alw·ays 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 ofblurring-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 O.OS*ws per narrow-to-wide transition, rather than 0.10*ws as shown in columns 6 

and 7 of Table 6.1. 

0 
X= 1 

-0.05 
........ 
c 
0 

n.. -0.1 
c 
0 
E 
C/) 

c -0.15 ro x - experiment L.. 

I- o- theory 
\+--
0 

¢:::: -0.2 
..r=. 
Cl) 

-0.25 

-0.3~----~--~----~--------------~--------------~ 
0.5 0.67 0.85 1 1.5 

b/w 

Figure 6.2. Point 1: WL = 250 J.lm, wE= 165 J.lm, Ws = 300 J.lm, b = 254 J.lm, 
blw = 0.85, shift= 0.10 (experiment), shift= 0.14 (theory); 
Point 2: WL = 110 J.lm, WE= 227 J.lrn, Ws = 252 J.lrn, b = 169 J.lrn, 
blw = 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 11 x 11
• A 42% over-printed label means that a one-module bar is 1.42x 

wide, a one-module space is 0.58x wide, a two-module bar is 2.42x wide, and so forth. A 

segment of a 42% over-printed label is shown in Figure 6.4. The digitized waveform data 
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ofthe same segment are presented in Table 6.2 and shown graphically in Figure 6 :' The 

same data collection technique as that described in Section 6. I is used. 

In Table 6.2. all bars and spaces are numbered sequentially in column I. :\bar is 

represented by a logic" I" and a space by a "0" as indicated in column 2 Column 3 

contains the measured interval 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 I -l2 

module. which is 42% over-printed. 

We can see that space ( 4) has the narrowest width and has two relatively \vide 

neighboring bars in Figure 64 This is also indicated in column 5 ofTable 6 2 Examining 

column 3 in Table 6.2. \Ve 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 \vide 

space (2) is similar to its non-blurred width. i.e. I 58 in column 5. because it is 

sandwiched by t\vo relatively \vide bars The widths of bar ( 7) and space ( 8) are also 

retained for the same reason. Ho\vever. space ( 6) is unexpectedly \Videned by 4° o This 

could be caused by localized printing inconsistency or a dust particle in the label or in the 

optical path ofthe laser beam. 

The blurring effects are demonstrated graphically in Figures 6-l 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 b 5 If the bar code were not over-printed. blurring \\Ould not 

occur at either side of space ( 4) because it v.;ould be sandwiched by t\vo one-module bars 
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In this case. the left edge of space ( 4) could be represented by 2111 and the right edge by 

l~l~ 

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. !.58-module space (2) and 1.42-module 

bar (3) The tact 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. H't. = I I 0 ~-tm. H'F = 183 ~-tm. ws = 213 IJ.ffi. h = 14 7 IJ.ffi. h!w = 

0 6 7 The amount of shift for each edge in space ( 4) is measured to be 0 22. \Vhile the 

theoretical prediction is 0.20 for h/11' = 0.67. The data are presented as point 2 in Figure 

6 2 The recovered edges in this case sho\v more shift than \vhat the theory predicts This 

can be attributed to the fact that the laser profile in this case is approximately a sine­

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 I /e~ \Vidth. 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 I ie~ width because it has a 

sharper top. The profiles post focus blurs more than a Gaussian because it has a \Vider top 

Blurring effects hinder the accuracy in estimating the amount of over-printing in a 

har code l·nderstanding blurring etfects can improve the capability of determining the 
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amount of printing error and the accuracy of compensation. This in tum 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 I- Bar Width Counts Width in Modules Printed Width 
0- Space in Modules 

I I Count 86 3.31 3.42 
2 0 Count 41 1.58 1.58 
... I Count ...... 1.27 1.42 -' -'-' 
4 0 Count 25 0.96 0.58 
5 I Count ... ? _,_ 1.23 1.42 
6 0 Count 70 2.69 2.58 
7 I Count 37 1.42 1.42 
8 0 Count 41 1.58 I 58 

2 ... 
-' 4 7 8 5 6 

0 0 0 0 0 0 0 0 

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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7 CONCLUSION 

To conclude, we summarize this work first and then discuss potential future 

developments. 

7.1 Summary 
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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 

tunction. As the bar code goes out offocus, 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 ofblurring depends on the blurring parameter hlw, which is 

the ratio of the width of minimum bar to the half width at 1 le1 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. lfthe 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 ofthe tirst 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 1111 as long as hlw 

> 0. 7, which is the working range of a typical bar code scanner. A special case is lil:! l t 

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 Ill:! (x < 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 

protile with a sharper top. such as in the prior focus case. produces less blurring. A protile 

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 

function 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 careful studies. 1' 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. 1" Those applications include the 

shipping label of a package and the label tor 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 tield 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. 17 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 lle 2 

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 shifted 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. "'·9 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 

tew 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 future ofbar 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 tew 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 ofthe holographic scanner. 

A conventional scanner with multiple sources was proposed over the years '"·'x 

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 

dit1erent points to provide larger depth of tield. They also enable independent multiple 



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 19
"
20 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 tiel d. The focus is then stepped to the next position for the 

scanner to seek valid bar code signaL The transition of tocus points is very fast to 

minimize the probability of scanning of a bar code during this transition period. 

lt 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 distribution (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 tind 

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. lt 

extends the depth of tield and boosts the resolution of high spatial frequencies. Ho\vever. 

the response at medium frequencies is compromised To reduce the etfects of the side 



lobes in the readout systems of optical disks, a electric filter scheme is proposed by 

Tanabe.~ 1 The effectiveness ofthis 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 ofbar code waveforms ~2 It 

has better noise immunity and is insensitive to printing errors such as C'ver-printing It is 

reported to be less affected by the blurring oflaser spot and electronic filters lt has 

extended the depth offield 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 I I. we can de­

blur the signal by simply shifting 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 waveform 

given in Figure 61 has a count of35 for space (8) Ifwe correct 5°o. that is 2 counts. the 

corrected width of space ( 8) is 3 3. which is very close to the correct count of 3 2 This 

minor correction could increase the probability ofthe successful read percentage at the 

end ofthe depth oftield. ;-..;onetheless. extensive studies must be carried out to prove the 

robustness of the new algorithm. 
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As the performance 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 ofthe 

bar code scanner beyond current boundaries. 
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