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S C A N N E R S 

A hand-held laser bar code scanner is an electro-
optical system of modest complexity. The design 
and manufacture of laser-based hand-held bar code 
scanning equipment presents a challenging inter
disciplinary system design task. Scanners must dem
onstrate state-of-the-art performance, high reliabil
ity, and exceptional ruggedness, and be designed 
for h igh volume manufacture at prices competitive 
i n a w o r l d market. 

Scanners produced for use i n today's market 
find application i n both retail point-of-sale and in 
dustrial environments. The retail point-of-sale ap
plication requires that the scanner be lightweight 
(i.e., approximately eight ounces), easy to use, and 
aesthetically pleasing i n external design. O n the 
other hand, the industrial marketplace requires a 
battery-powered portable scanner capable of op
eration i n an environment containing w i n d b l o w n 
dust and rain, and which is characterized by oper

ating temperatures ranging from -18-50°C wi th 
relative humidi ty i n the range of 5-95%. In addi
tion, the scanner may be required to withstand 
repeated drops from a height of five feet (1.5 meters) 
onto concrete (corresponding to an instantaneous 
5000 G loading). 

In addit ion to these physical characteristics, 
the reading characteristics of the scanner must vary 
from application to application. For instance, bar 
codes used to identify retail products typically have 
m i n i m u m bar and space widths i n the range of 10-
20 mils (one m i l = one thousandth of an inch), 
whereas bar codes used i n the health and semicon
ductor industries may be i n the 2-6 m i l range. The 
automotive industry requires a scanner capable of 
reading a bar code w i t h 15 m i l narrow elements 
over a range from 2-5 feet (0.5-1.5 meters). 

Typical specifications of a hand-held bar code 
scanner that affect its design are: 

Optical 
Depth of focus (7.5 m i l bars) = 20 c m 
Depth of focus (55 m i l bars) = 127 c m 
Wavelength < 680 nm. 

Electrical 
Operating Voltage 
Operating Current 

Mechanical 
Weight 
Size 

Ruggedness 

4.5 to 14 V D C 
<150 ma. 

<10 oz. 
Suitable for hand-held 
use 
1.5 m drop to concrete 
(5000 Gs) 

Environmental 
Operating Temperature 
H u m i d i t y 

-18-50°C 
5-95% R H (non-con
densing) 

In a typical hand-held bar code scanner (see 
Fig . 1), a w e l l defined beam is produced by a laser 
diode and external beam shaping optics. This beam 

is scanned using a conventional optical scanner 
such as an oscillating galvanometer mirror or a 
rotating polygon. The outgoing beam leaves the 
mechanical enclosure through a w i n d o w and is 
incident on the bar code symbol. Scattered light 
from the symbol is incident on a photodetector v ia 
collection optics and is converted to an electrical 
pattern representing the bar code symbol. The ana
log time duration of the h igh and low levels of the 
pattern correspond to the physical widths of the 
black bars and white spaces i n the bar code symbol. 
This pattern is sent to a microcomputer to deter
mine the characters represented by the bar code 
symbol. The microcomputer also is responsible for 
the communication of this decoded character stream 
to the host computer. 

Hand-held bar code scanners may contain a 
few or all of the elements described i n the preced
ing paragraph. The block diagram depicted i n Fig
ure 1 is intended to illustrate two special cases. The 
first is that i n which the microcomputer is located 
i n an enclosure separate from the mechanical en
closure of the scanner. In the second case, the m i -

• Figure 1 
Block diagram of a 
typical laser-based 
bar code scanner. 

Figure 2 • 
An illustration of 

the importance of 
the use of elliptical 

beam profiles in 
scanning poorly 

printed bar code 
symbols. 
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crocomputer is located within the mechanical en
closure, as illustrated by the dashed line in the 
block diagram. 

E L E C T R O N I C C I R C U I T R Y 
The power circuits within the scanner are respon
sible for filtering and regulating the external power 
to the scanner, providing any internal reference 
voltages that may be required, controlling power 
flow and power consumption within the scanner, 
and regulating the output power of the laser diode 
to ensure operation of the laser within the regula
tory requirements of the Center for Devices and 
Radiological Health (CDRH) of the federal govern
ment. The power circuits are critical since many 

industrial bar code scanners are used as peripher
als to battery-powered data collection terminals. 
Input voltage to the scanner wil l vary over a wide 
range as the data collection terminal batteries de
grade with use. Also, power consumption of the 
scanner is a major portion of the power consump
tion budget of the terminal's battery. Consequently, 
it is important that the power circuits minimize the 
overall power drain of the scanner to extend the 
operating time of the data collection terminal. In a 
typical hand-held scanner, the operating current 
budget is divided roughly as follows: 

Laser Diode 
Scan Motor, etc. 
Misc. Electronics 
Microcomputer 
TOTAL 

85 ma. 
15 ma. 
10 ma. 
20 ma. 
130 ma. 

The total operating current budget should fall 
to less than 100 ma. (at a nominal voltage of 5 VDC) 
with the advent of cost effective low current index-
guided visible laser diodes. 

Other electronic circuits amplify, filter, and 
shape the analog waveform produced by the pho
todetector and convert it to a logic level representa-

Figure 3 
Illustration of the 
coordinate system 
used in the 
calculation of the 
Fresnel diffraction 
of a laser-based 
bar code scanner. 
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tion of the bar code symbol. This logic level pattern, 
whose analog timing represents the physical spac
ing of the bars and spaces in the symbol, is sent to a 
microcomputer to determine the alphanumeric char
acters represented by the symbol. There are numer
ous specific designs of the circuits that convert the 
amplified analog signal to the logic level signal, 
each with a different set of engineering tradeoffs 
involved. 

OPTICS 
The laser diode may be either an infrared device 
operating at a nominal wavelength of 780 nm or a 
visible device operating at a nominal wavelength of 
670 nm. The infrared laser is preferred in industrial 
applications that require reading the bar code sym
bol through oil and grease smears. Since the infra
red laser beam is not visible to the user of the scan

ner, it is common to use a separate visible beam of 
light as a "marker beam" to assist the user in point
ing the scanner at the bar code target. Infrared scan
ners are also necessary in applications having se
cure bar code symbols that are protected by a visibly 
opaque, infrared transmitting filter over the bar 
code. The infrared filter is used to prevent duplica
tion of the tag on photocopy machines. 

The visible laser diode is preferred in most 
other industrial and retail applications since this 
laser can read bar code symbols printed using vari
ous printing technologies and various ink colors. 
Frequently, the color of a retail bar code symbol 
matches the color of the package; consequently, the 
scanner must be able to read a large variety of 
colors. The shortest wavelength laser diode com
mercially available operates at a nominal wave
length of 670 nm. This wavelength, although suit
able for reading the colors used in retail bar code 
applications, is not sufficiently bright to aim the 
scanner by viewing the beam in "long range" (i.e., > 
5 feet, or 1.5 meters) applications. Shorter wave
length laser diodes will ultimately solve this prob
lem. In the meantime, various means have been 
devised to enhance the visibility of the laser diode 
beam to the user. 

Reading of poorly printed bar codes, such as 
those produced by a dot matrix printer, usually 
requires a tradeoff of the resolution of the scanner. 
Low density dot matrix bar code symbols are char

acterized by voids in the printed bars. Reduction of 
the resolution of the scanner is used as a means to 
avoid reading errors due to voids. An elliptically 
shaped scanning beam is another way to reduce 
reading errors and maintain the ability to resolve 
high density codes, as depicted in Figure 2. To be 
effective, the elliptical beam shape must be retained 
over the full depth of focus of the scanner. This 
requires a more complex optical system than is 
normally used in a hand-held bar code scanner. 
Such an optical system provides a substantial en
hancement of performance and greatly outweighs 
the additional cost involved. 

The bars and spaces in the symbol are resolved 
by the incident laser spot. Determination of the 
intensity distribution of the laser beam in the plane 
of the symbol is crucial in understanding the per
formance of the scanner. The beam shaping and 

scanning optics determine the reading characteris
tics of the scanner for high density symbols. For 
example, it is generally possible to read a bar code 
symbol for which the narrowest elements are 7.5 
mils over a depth of focus of approximately 20 cm. 
This level of performance requires diffraction lim
ited performance of the outgoing laser beam. 

Laser-based bar code scanners operate at large 
f/#s to achieve a large depth of focus. A typical 
scanner has an f/# in the range of 100. Early laser 
bar code scanners used HeNe lasers as a light source. 
Within the last few years, visible laser diodes (VLDs) 
have gained a dominant market share. HeNe laser 
beams are characterized by a Gaussian intensity 
profile. The beam profile of a V L D is only approxi
mately described by a Gaussian. Due to this and 
other difficulties in forming the beam from a laser 
diode, it has become common to substantially open 
the beam and use additional optics to obtain appro
priate propagation characteristics. 

Estimates of the beam size based on ray tracing 
are inadequate due to the large f/# of the beam. 
Consequently, diffraction analysis must be used to 
obtain an accurate estimate of a laser scanner's per-

• Figure 4 
A simple optical 
system for 
producing an 
elliptical laser 
profile using the 
characteristics of a 
laser diode. 

Figure 5 • 
Diagram illustrating 

the "f l ip" of the 
orientation of the 
major axis of the 

elliptical beam 
profile as the beam 

propagates from the 
near field region to 
the far field region. 

The optical system is 
that depicted in 

Figure 4 . 
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formance. Parrent and Thompson1 have discussed 
the propagation of electromagnetic radiation in 
terms of scalar diffraction theory. They show that 
diffraction can be discussed in terms of two re
gions, the near field (Fresnel diffraction) and far 
field (Fraunhofer diffraction). Far field diffraction 
can be realized as a limiting case of near field dif
fraction. The expression for Fresnel diffraction is 

where 

As shown in Figure 3, the variables ξ and η are 
the transverse coordinates at the output of the 
scanner's beam forming optics and the function 
φ(ξ,η) is the electric field amplitude distribution in 
the ξ,η plane. The variables x and y are the trans
verse coordinates in the plane of the bar code sym
bol and the function Φ(x,y) is the electric field dis
tribution in the plane of the bar code symbol. Other 
parameters are z, which is the distance between the 

ξ,η plane and the x,y plane, k = 2π/λ, i=√-1, and λ, 
the wavelength of the laser light. Φ(x,y) can be 
calculated in terms of φ(ξ,η) using fast Fourier trans
form techniques. I(x,y), the intensity distribution of 
the laser in the plane of the bar code symbol, can be 
calculated once Φ(x,y) is known. 

The line spread function L(x) is found by inte
grating I(x,y) along the y direction according to the 
equation 

The line spread function is useful in evaluating 
the performance of bar code scanning systems due 
to the one dimensional nature of the bar code sym
bol. Finally, the edge response function E(x) is given 
in terms of the line spread function by the equation 

where U(x) is the unit step function. The above 
equations can be used to calculate the line spread 
and edge response functions for a typical bar code 
scanning system. Methods based on the above equa-
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tions have been used to produce the data that fol
low. 

Laser diodes produce beams that are highly 
divergent. For example, the Toshiba T O L D 9200 
visible laser diode beam diverges at approximately 
34° i n one direction and 7° i n the orthogonal direc
tion. Use of this type of laser has become common
place i n bar code scanners over the last few years. 
The divergent laser diode beam has been used to 
produce crude elliptical beams. 

A simple optical system for using a laser diode 
i n a bar code scanner is illustrated i n Figure 4. In 
this arrangement, the laser is oriented so that the 
beam is most divergent i n the vertical direction. A 
low cost lens of approximately 5 m m focal length 
(from a compact disk player) follows the laser and 
brings the elongated beam to a focus at a point we l l 
outside of the scanner. The lens may be followed by 

a rectangular aperture (not shown) w i t h its long 
axis oriented i n the vertical direction. The aperture 
is used to control the ratio of the beam height to 
beam width . Geometric optics predicts this system 
w i l l produce a beam that is elongated i n the vertical 
direction on either side of focus. A t best focus, the 
beam w i l l be a point. Geometric optics also predicts 
the ratio of the beam height to beam wid th w i l l be 
the same as the ratio of the beam divergence i n the 
vertical direction to that i n the horizontal direction. 

If the performance of the system of Figure 4 is 
calculated based on diffraction, the long axis of the 
beam is seen to " f l i p " as it passes through focus, 
wi th the result that the long axis of the beam w i l l no 
longer be oriented along the length of the bars and 
spaces i n the symbol. This flip is illustrated sche
matically i n Figure 5. The result is that on the near 
side of focus the beam is oriented properly so that 
defects i n the symbol w i l l be averaged by the beam. 
Unfortunately, on the far side of focus the beam 
flips, resulting i n decreased resolution of the sym
bol and enhanced sensitivity to defects i n the sym
bol. Consequently, this system, although low i n 
cost, is unsatisfactory for high performance scan

ning applications. 
The situation described above can be allevi

ated by the use of a more advanced optical system. 
The compact disk lens is replaced by a gradient 
index fiber of substantially shorter focal length than 
the compact disk lens. The shorter focal length al
lows the beam to be formed so that the entire near 
field region is contained wi th in the enclosure of the 
scanner (without the use of a beam l imit ing aper
ture), as shown in Figure 6. A s a result, the beam 
exterior to the scanner propagates i n its far field 
and has we l l controlled characteristics. 

Figure 7 illustrates experimentally measured 
values of the beam height and beam wid th for a 
laser diode scanner using an optical system similar 
to that illustrated i n Figure 6. It is apparent that this 
anamorphic optical system eliminates the " f l i p " of 
the orientation of the major axis of the elliptical 

beam profile as it propagates from the near field to 
the far field region. The extended region over which 
the beam maintains its elliptical profile greatly i m 
proves the ability of this system i n reading poorly 
printed bar codes when compared to the system i n 
Figure 5. 

E N V I R O N M E N T A L C O N S I D E R A T I O N S 
Scanners used i n industrial applications must oper
ate over a temperature range from -18-50°C. This 
requirement places considerable demands on the 
optical and electronic components. First, the power 
control circuit that regulates the laser must ensure 
the output power does not vary over the tempera
ture range. This requirement arises due to the need 
for constant signal levels over the range, as w e l l as 
for regulatory reasons. Second, the entire optical 
system must be designed to ensure that the optical 
parameters of the scanner do not drift w i th tem
perature. Effects such as thermal coefficient of ex
pansion, d n / d t of the optical materials, and the 
thermal drift of the laser wavelength wi th tempera
ture must be considered. 

H u m i d i t y has its pr imary effects on the elec-

• Figure 6 
Diagram illustrating 
an optical arrange
ment for avoiding 
the "fl ip" of the 
orientation of the 
major axis of the 
elliptical beam 
profile as the beam 
propagates from 
the near field 
region to the far 
field region. 

Figure 7 • 
Experimental data 

illustrating the 
effectiveness of the 

optical system 
depicted in Figure 

6. This system 
causes the "fl ip" of 

the orientation of 
the major axis of 

the elliptical beam 
profile, as the beam 
propagates from the 
near field region to 
the far field region, 
to occur within the 

enclosure of the 
scanner. 
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tronic components of the scanner and optical filters 
used in the scanner. Testing must be performed to 
certify that these components w i l l not drift or de
grade due to prolonged exposure to either h igh or 
low humidi ty conditions. 

The enclosure is usual ly sealed to prevent the 
entry of dirt, dust, and precipitation. Internal com
ponents are often shock mounted f rom 
the case to enhance the prospects of 
survivabil i ty in the case of a drop. A 
five foot (1.5 meter) drop to concrete 
corresponds to an instantaneous G load
ing of approximately 5000 Gs for a pe
r iod of 0.5 msec. The optical, mechani
cal, and electronic subsystems can be 
designed to withstand this impact. The 
enclosure is generally fabricated of a 
high impact-strength plastic such as 
polycarbonate. Since this material may 
deform substantially on impact, inter
nal components should have either suf
ficient clearance to avoid contact w i th 
the case or should be sufficiently strong 
to survive impact w i th the case. Glass 
optics of suitable design, in appropr i 
ate mounts, can withstand a 5000 G 
impact. However, less design care is 
required if plastic optics are used. 

Conventional ly leaded integrated 
circuits can be sheared f rom their legs 
in a 5000 G impact. A s a result, lower 
mass surface mounted electronics have 
become popular in hand-held bar code 
scanners. Even wi th l ightweight sur
face mount components, design details 
such as component placement and or i 
entation are important to reliable op
eration in the industr ial environment. 

T H E C H A L L E N G E A H E A D 

The design of hand-held bar code scan
ning equipment presents a challenging 
interdiscipl inary system design task. 
Analyt ic model ing of laser-based bar 
code scanning systems that use large f/ 
# beams requires techniques based on 
diffraction to obtain agreement between 
theory and practice. The design chal
lenge is enhanced since the equipment 
must demonstrate state-of-the-art per
formance and must be designed for high 
volume manufacture at prices competi
tive in a wor ld market. 
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