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respectively. The first derivative signal for case {14 is shown in Figure 4.9. Another
special case is 2 11, as shown in Figure 4 .8(a), in which the peak of interest behaves
exactly the same as 4 |14. The contribution of the negative profile at x = -2 cancels that of
the positive profile at x = 2. This can also be seen analytically. In the case of 2111, we

have
£0)y=1(Q)-1(-1)+ [(-2)-1(2)

= 1(0) - I(1),

provided that /(x) is an even function.

06

- -l(x+b)

-I(x-b)

Figure 4.9. The first derivative signal (solid curve) of the transition in 1|14. It is the
sum of the three dotted curves, which are marginal profiles. The bar
code function is also plotted. In this plot, b =1 and w = 1.
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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 | 2 modules wide comparing to the intended width of | module, while
space (4) 1s 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 b 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 |.5{11.5 Furthermore, since the right edge of bar (5) is far enough away
from the transition between bar (3) and space (4), we can replace 1.5]11.5 with 1.5 {14
The zero-crossing shift ot the transition 1.5 |14 is plotted in Figure 4.11. The shitted
amount is relative to the half width at 1/¢” of the laser marginal profile. For example. at
hiw = 1 the shift is 7.5% of the half width at 1/¢” 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 1 114 since there is no shift of the
zero-crossing pomt for any amount of blurring. We can generalize Figure 4.18 by using

xI14 to represent each case. We have x = 1. 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

closeto |.
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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 1|14 From Figure 4.11 we can
conclude that as long as A/w > 0.7 and 1 > 2, the zero-crossing shift point of n|14 is
essentially the same as that of 4/14. For a bar code with over-printing error less than 20%
(x £ 1.5), the shift of zero crossing for the case x|14 is less than 10% of the half width of

the marginal profile of the laser beam, w



Shift of Transition Point

-0.25

b/w

Figure 4.11. Shift of transition point for bar codes x|14. The amount of shift is
relative to the half width at 1/¢° 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 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 x = 0, denoted x,, into Equation (4 8). we have

the peak of the first derivative,

g'(x,) = 1(x,) = [(x,~h). (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 = |, 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 g'(0), 1.e..

£'(0) = 1(0) - I(-h). (4.12)

The behavior of ¢'(0) is also plotted in Figure 4 12. It can be seen that g'(0)

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 4/14. Solid curve is
g'(xo) and dashed curve is for g’(0).

A special case is 1|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 protiles are located the closest to the positive peak. We have

£(0)y=1(0) = [(=h)- I(h).
Figure 4.13 shows the reduction of the peak level of case 1/14. As a reference, the

approximate peak reduction for case 4{14, i.e., ¢'(0), 1s also plotted.
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Figure 4.13. The peak value of the first derivative at x = 0 for 1|14 is plotted in solid
curve. As a reference, the approximate peak value for 414 is also plotted
in dotted curve.

It can be noted in Figure 4.13 that. for case 1i14, at &/w = 0589, ¢/(0)=10. 1.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 w)’] = 0.5. The ratio of the full width at 1/¢: maximum of the beam. 2w'. to
the width of the space. h. is 3 4, which sets the theoretical limit of recovering the positive
edge at x = O 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 h/w = 0.588, i.e., 2w=3.4b, the peak of the first derivative at x =0
disappears, g’(0) = 0. The first derivative signal near x = 0 is drawn in
the solid curve.

The approximate peak values, g'(0), for other combinations possible in a UPC bar
code is presented in Figure 4 15 [t can be seen that the 4|14 case has the least peak
reduction and the 1|14 case has the most reduction. For A/w > 0.7, the results for all cases
except 1|14 are practically identical to 4 114. The similarity of the reduction in peak value
of most cases to that of 4 /14 for A/w > 0.7 is in accordance with the fact that the amount
of shift of transitions for cases n|i{4 (n > 2) is very close to that of 4 {14 as shown in Figure

4.11
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Peak Value of First Derivative

b/w

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 A(x/wy) = exp[-2(x/w.)’] and the impulse
response of the electronic filter is 2(x/w;) = exp[-2(x/we)*], where wy, and w 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 A(x/wy) and A(x/w), i1.e.

h(x/wg) = h(x/w )*h(x/w,), (4.13)

where w; is the blurring width of the equivalent impulse response of the system."!
Using the properties of convolution and Fourier Transforms, we find that wy can be

expressed in terms of wy, and wy.

W= witw] (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
g2(x) = Ijo I(a)-s(x —a)da = I(x)*s(x), (5.1)

where /(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 /(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 #{/(x)},

where 7 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.
The cylindrical lens only has power in x-direction and the stop only has limits in x-
direction. Following the development of incoherent imaging in Chapter 11 of Gaskill, we

obtain the irradiance of the diffraction image
I(x) = I, (e)* hys (), (5.2)

where 7, (x) is the one-dimensional geometrical image irradiance and £, (x) is the one-

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

an image (at zq) of the object (at z,)."

X
Cylindrical
lens

Figure 5.1. One-dimensional imaging system.
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The optical transfer function (OTF) is the Fourier transform of the point spread

function and is given by

e ;4 (A248)

-~ , (5.3)
[ |p.(a) da

1,(8) =

where p4(x) is the complex amplitude transmittance of the stop at z = z,, z46 1s the distance

from the stop to the image (at zs) andy , is the complex auto-correlation of p4(x), i.e.

70 (&)= p.(a)pi(a-Eda (5.4)

For a system with pu(x) = rect(x/d), ¥#»s(&) = tri(Azss&/d). The cut-off frequency is

then & = d/Azys.

5.2 Irradiance 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 /(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

z4 can be written as
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s A'l 2 2/ %
() =y el = =22 o, (e )a (.8

*25

2

(5.5)

E=ayx,n=ayy’

where u4(x.y) is the electric field distribution at z4, 4 is the amplitude and absolute phase

of the wave field emitted by the laser diode, a; = 1/(Az;), 77 represents two-dimensional
Fourier transform operation, ;(x,y) is the complex electric amplitude in the stop at z; and

the quadratic factor g(x,y;a) = e /M) with G = 1/ (AZ) and

by

= Zyitie T2 =20 ).

M
Focusing
lens Stop X

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 z; (or the bar code symbol plane) is located at the conjugate plane of

the source we have z4 = zs, ass = ass, z45=0, z =0, a =0 . Asaresult,g(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

~

et ()

where T3(x,y) is the Fourier transform of (x,y), 75(& 7), with &= x/Az3s and 77 = y/Azss.

2

(5.6)

>

.
Azyg Azys

The marginal irradiance distribution function is then

2

dy. (5.7)

i)
Azys Azyg

ORI RACRE \AIZ(—?-} L

We assume that #(x,)) is an even function because we choose the x-direction to be
perpendicular to the junction of the laser diode. Function 73(x,y) is even since #3(x,y) 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 (5.1), has the same form as Equation (5.2), which represents the relationship of
the diffraction image and the geometrical image in an incoherent imaging system.
Analogously, we assign g(x) as the diffraction image irradiance, s(x) as the geometrical
image irradiance and /(x) as the point spread function. The optical transfer function (OTF)

of bar code scanning is then related to the Fourier transform of /(x).
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The optical transfer function of bar code scanning is defined as

OTF = M (5.8)
| Ia)da

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

T{—x , yj
Az, Az

H(E) e 7T (x)} o y{ [

Consider the case that #;(x,y) is separable in x and y, i.e. (x,y) = f1(x) - £(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 #(x,y) is then the

product of two one-dimensional Fourier transforms of 7,(x) and 7,(y). We have

X 2
71( M}J } (5.10)

H(E) o< f}{
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where 71(x) and 75(y) are Fourier transforms of #,(x) and £(y) respectively.

Using the properties of the Fourier transform and the fact that both 7(x) and #(x)
are real and even functions, we have #{ 7(x)} = #(&) and J{|T(x)|*} = (&) = (EO*K(&).

Function y(&) is the auto-correlation of #<).

Equation (5.10) becomes

H(E) oct (A28 )x 1 (A2,5E),

The modulation transfer function is then

My = L AEse). (5.11)

74, (0)
Consider a scanner laser system that has a rectangular amplitude transmittance
function at the stop, #(x) = rect(x/d), where d is the width of the stop in x-direction. The

MTF of bar code scanning is

MTF = m‘(%),

as illustrated in Figure 5.3. The cut-off frequency of the MTF is & = d/Azss.
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, /(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 symbol located in the focal plane of
the scanning laser beam. Furthermore, the complex amplitude distribution function at the
stop 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(¢)

Figure 5.3. MTF of laser scanning. The complex amplitude transmittance is a
rectangle function of width 4 and z3sis 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/Az and the amount of defocus Az/z

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

1 T T T T T T T T T

0.9 Region of interest |

08F i

0.6 _

0.5r At Focus

T

04f :

MTF of Bar Code Scanning

02k Post Focus |

0.1F Prior Focus ; 7]

0 1 1 1 L 1\\ 1 1 1

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

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 amplitude distribution

at the stop is nearly a rectangle function. The cut-off frequency at focus is approximately &
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=7 mm™. Thus, any signal that has a period less than 7, = 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 7., i.e. 0.07
mm, cannot be detected. It is interesting to note that the MTF prior to focus flattens out at
&= 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 £= 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 sin(&x). The first derivative is given by &cos(&x). 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 £ 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(¢) 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 & with the MTF of bar code scanning. The MTF curves of the second

derivative are plotted in Figure 5.60.

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.
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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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Figure 5.6. The MTF 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 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 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

£,(x,y) = cy/(ﬁ) a: cyl((;—d, (5.12)

Figure 5.7. The ring aperture.



where cy/(’—:{) represent the cylindrical function of diameter dand r = \Jx~ +y~ .
(4

The modulation transfer functions through focus for a scanning laser with a ring
aperture of d. = 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 5.10.
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Figure 5.8. The MTF through focus for a scanning laser with a ring aperture of the
central obscuration d. = 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 medium spatial frequency region is relatively flat. The
cutoff frequencies are not changed because they are functions of the outer diameter  and

not functions of d..
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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 d. = d/2.
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Figure 5.10. The MTF of second derivative through focus for a scanning laser with a
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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.
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Figure 5.11. The MTF for d. = 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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[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 tlat region of the

medium spatial frequencies reduces to unacceptable level.
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Figure 5.12. MTF of negative defocus for d. = 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 S.11.

The behavior of the MTF for a ring aperture can be understood by examining the

irradiance protfiles of the scanning laser. A laser with a ring aperture of . = /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
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profile. At the same time the side lobes of laser beam rise and hence reduce the value of

the MTF

Laser Profiles through Focus

Figure §

at medium spatial frequencies.
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.13. Laser profiles through focus in the scanning direction for a laser with a

ring aperture of d. = d/2. The three numbers are the full widths at 1/¢°.
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 taster than

that tor a regular circular aperture. At medium spatial frequencies where the two rings are

overlapped half way. there is hittle change in the overlapping area This is why there is a
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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 . = 0.75d. 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.
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Figure 5.14. The MTF through focus for a scanning laser with a ring aperture of the

central obscuration d. = 0.75d.
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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

P L eyes () (5.13)
T

g(x)=

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

reflectivity R, and minimum reflectivity Rp. It has a spatial frequency &. We have

R _
L; Dy RLzRD sin(27& ). (5.14)

s(x) = R

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

obtain

g(x)

_IRQP, [RL+RD L R-R
2

S 2 MTF(gO)sin(zngox)} (5.15)

The first derivative of the bar code signal is then

g (x) = SHQP (R, ~R ) )MTF ()& cos(27 ). (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 or, 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,

_ }'WSQPO(RL——RD)MTF(g())SKO

SNR =N>1 (5.17)
O.T
The minimum acceptable MTF value at spatial frequency & is then
MTF(E,) = No, (5.18)

waPO(RLwRD)g(J ‘

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 (Ry, - Rp) has more tolerance to noise. The SNR vs. the noise
or 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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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 of the output signal is the product of the spectral
distribution of the space (the input) and the transfer function 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 1s demonstrated in Figure 5.16, where the spectra of the input function S(3)
(the space) and the output function (s5(&) (image of the space), and the MTF are plotted.
The transter 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 full width at 1/e” 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 (7(£) 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 fiinction.

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

calculating the Fourier transform of the output spectrum shown in Figure 5 16 We can



105

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 A. 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 4/14.

It 1s less convenient to evaluate the amount of shift of a transition edge with
spectral analvsis comparing to the spatial domain techniques discussed in Chapter 4
because of the large number of fast Fourier transform (FFT) operations involved. [t is
cumbersome to evaluate the blurring and hence the transition shift for cases 1/14. 2{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 important 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
S(£), the spectrum of the input (space) function, and the MTF.
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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 pm. Itis a
high contrast and high print quality label. The printing error in the width of a bar is less
than £10 um. The label is scanned by a laser beam with a Gaussian-like marginal profile.
[ts half width at 1/¢7 is, wy = 250 um. The impulse response of the electronic filter has a
half width at 1/¢” wy = 165 pm. 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

wavetorm is shown in Figure 6 |. and corresponding data are presented in Table 6 |
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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
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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 I 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 0Count | 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 | 8891 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



110

bar is represented by a logic "1" 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 1s 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 column 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 (10) is about 6
counts wider than bars and spaces (1) through (7), because bar (10) has two wide
neighboring spaces (9) and (11). Zero-crossing points at both ends of bar (10) are shifted.

By substituting values wy, and wg into Equation (4.14), we have

we=Awi +we’ =300um.

That 1s, the total width of blurring of the system is 300 um. The ratio of the
module width of the bar code to the total width of blurring 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 4|14, we have that the transition edge



between a narrow bar and a wide space shift 14% of the total blurring width, ws. The
theory predicts that the width of a narrow bar will be increased by 0.14*ws if it has one
wide neighboring space or by 0.28*wy if it is sandwiched by two wide spaces From Table
6.1, we have 31.52 counts for a bar of width 254 um. Thus, the system blurring width wy
=300 um = 37.2 counts. The increase in width for bar (8) is then (35.09 - 31.52)/372 =
0.10*wy, which is less than the predicted 0. 14*¥wy. The experimental result is presented in
Figure 6.2 as point | (Point 2 is discussed in Section 6 2.).

The 0.04 ditference from the value predicted by the theory can be attributed to the
deviation of the laser protfile 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 1/¢> 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 shitts
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*ws per narrow-to-wide transition, rather than 0.10*wg as shown in columns 6

and 7 of Table 6.1.
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Figure 6.2. Point 1: w;, =250 um, wg = 165 um, ws = 300 um, b = 254 pm,
b/w = 0.85, shift = 0.10 (experiment), shift = 0.14 (theory);
Point 2: wy, = 110 um, wg = 227 um, ws = 252 um, b = 169 pum,
b/w = 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 "x". 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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ot 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 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 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. Examining
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 by 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 38-
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 were not over-printed. blurring would not

occur at either side ot space (4) because it would be sandwiched by two one-module bars
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In this case. the left edge of space (4) could be represented by 21|1 and the right edge by

1l

1%

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 (1) 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
ditficult to compensate correctly for over-printed labels, because the printing error tends
to be uniform across the entire code.

[n this experiment, wy = 110 pm, wi = 183 pum. ws =213 pum. b = {47 um. h/w =
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 A/w = 0.67. The data are presented as point 2 in Figure
0 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. [t 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 1/¢” 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 1/e” 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 U'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 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 | [ - Bar | Width Counts | Width in Modules | Printed Width
0 - Space in Modules
1 | Count 86 3.31 3.42
2 0 Count 41 1.58 1.58
3 I Count 33 1.27 1.42
4 0 Count 25 0.96 0.58
5 1 Count 32 .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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X

Figure 6.6. Laser profile of a sinc-squared function (solid curve) compares to a
Gaussian profile of the same 1/¢” width.
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7 CONCLUSION

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

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
tunction. 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 s/, which is
the ratio of the width of minimum bar to the half width at 1/¢” 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 1|14. [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 x|14 (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 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
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.'” 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 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
svmbol.'” The property of omnidirectional scannability is obviously sacriticed 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 1/¢”
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



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.*” 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 future 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

different points to provide larger depth of field. 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

'%-2 Other than tracking the focus continuously as in

extend the depth of field of a scanner.
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 tree
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 distnbution 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 1s compromised To reduce the effects of the side
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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 cver-printing. [t 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 denvative

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 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 wavetorm
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 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 of the

bar code scanner beyond current boundanes.
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