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APPARATUS AND METHOD FOR 
DISPERSIVE FOURIER-TRANSFORM 

IMAGING 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

This application a 35 USC §111(a) continuation of, and 
claims priority to, PCT international application number 
PCT/US2009/051608 ?led on Jul. 23, 2009, incorporated 
herein by reference in its entirety, Which claims priority to 
US. provisional application Ser. No. 61/083,255 ?led on Jul. 
24, 2008, Which is incorporated herein by reference in its 
entirety. 

The above-referenced PCT international application Was 
published on Jan. 28, 2010 as PCT International Publication 
No. WO 2010/011875, and is incorporated herein by refer 
ence in its entirety. 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH OR DEVELOPMENT 

This invention Was made With Government support of 
Grant No. N66001-07-1-2007, aWarded by the Department of 
Defense. The Government has certain rights in this invention. 

INCORPORATION-BY-REFERENCE OF 
MATERIAL SUBMITTED ON A COMPACT DISC 

Not Applicable 

NOTICE OF MATERIAL SUBJECT TO 
COPYRIGHT PROTECTION 

A portion of the material in this patent document is subject 
to copyright protection under the copyright laWs of the United 
States and of other countries. The oWner of the copyright 
rights has no objection to the facsimile reproduction by any 
one of the patent document or the patent disclosure, as it 
appears in the United States Patent and Trademark O?ice 
publicly available ?le or records, but otherWise reserves all 
copyright rights Whatsoever. The copyright oWner does not 
hereby Waive any of its rights to have this patent document 
maintained in secrecy, including Without limitation its rights 
pursuant to 37 C.F.R. §1.14. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
This invention pertains generally to optical imaging, and 

more particularly to high-speed optical imaging using disper 
sive Fourier-transform imaging. 

2. Description of Related Art 
A barcode is a machine-readable binary representation of 

information Which normally appears as a series of loW re?ec 
tance bars (e.g., dark or black bars) on a high re?ectance 
background (e.g., light or White background). A measurable 
difference in optical properties of the bars (e. g., re?ectance of 
dark bars in contrast to light bars) is converted to a binary 
representation. For example, With the dark bars correspond 
ing to 0’s With the White spaces therebetWeen corresponding 
to 1’s, or vice-versa, depending on the decoding softWare. 
Barcodes can be read by optical scanners called barcode 
readers Which measure optical re?ections from the black bars 
or White spaces When a probe beam is incident on them. 

Since their introduction, barcodes have become indispens 
able in labeling and inventory management. Some modem 
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2 
applications of barcodes, include: (a) product labeling and 
automated detection; (b) ticketing and permits; (c) movement 
and ?oW, such as mail, packages, airplane luggage, rental 
cars, and nuclear Waste; (d) document management, includ 
ing imaging, ?ling and indexing; (e) blood bank information 
systems; (f) tracking in bee research; (g) collecting parcel 
data from multiple netWorked sources and tracking thereto. 
One of ordinary skill in the art Will appreciate that barcode 
applications have become ubiquitous in our modern society. 
A barcode reader is an essential part ofbarcode technology. 

A conventional reader consists of a scanner, a decoder (either 
built-in or external), and a cable used to connect the reader 
With a processing device (e.g., computer) for processing the 
digital signals. A barcode reader is an optoelectronic device 
that measures optical re?ections from barcodes, such as con 
sisting of non-re?ective black bars and re?ective White 
spaces. There are different types of barcode readers available 
in the marketplace, Which use slightly different methods for 
reading and decoding barcodes. Barcodes can be of a one 
dimensional variety as described With bars and lines, or may 
be tWo-dimensional With dots or other small spatially con 
strained symbols contained on a tWo-dimensional ?eld. 
One form of barcode reader is a pen-type reader, in Which 

a continuous-Wave optical source and a photodiode receptor 
are proximal one another, such as in the tip of a pen or Wand. 
To read a barcode, the tip of the pen is moved across the bars 
in a steady motion. A voltage Waveform that represents the 
bar and space pattern in the barcode is generated in response 
to photodiode detection of changing light poWer re?ected 
back from the bars as they are exposed to the moving incident 
light. The Waveform detected by the photodiode is decoded 
by the scanner in a manner similar to the Way Morse code dots 
and dashes are decoded. 

Another form of barcode reader is a laser scanner, Which 
Works much as a pen type reader, except that it employs either 
a reciprocating mirror or a rotating prism to scan the laser 
beam back and forth across the barcode. Just like the pen type 
reader, a photodiode is used to measure the poWer of the light 
re?ected back from the barcode. In both pen type readers and 
laser scanners, the light emitted by the reader is tuned to a 
speci?c Wavelength and the photodiode is designed to detect 
only this Wavelength. 

Another form of reader is a CCD reader, in Which a charge 
coupled device (CCD) reader, or alternatively a CMOS active 
pixel reader, utiliZes an array of optical sensors lined up in a 
roW in the head of the reader. The CCD reader measures the 
light re?ected from a barcode, generating a voltage pattern 
identical to the pattern in the barcode by measuring the volt 
ages across each sensor in the roW. One important difference 
betWeen a CCD reader and a pen type or laser scanner is that 
the CCD reader measures the re?ection of ambient light from 
the barcode While pen or laser scanners measure re?ected 
light at the speci?c Wavelength Which originated from the 
scanner itself. 

Another form of reader is a camera based reader, in Which 
a camera captures a tWo-dimensional image of the barcode. 
These are particularly Well-suited for use With reading tWo 
dimensional barcodes, although they can technically read 
either type of bar code. It Will be appreciated that for a given 
geometric resolution (e.g., based on minimum line or pixel 
spacing) the information density of a tWo-dimension barcode 
can far exceed that of a one-dimensional bar-code Which is 
only scanned across a single direction. By Way of example, an 
image of the barcode is captured by a small CCD or CMOS 
camera imager and decoded using digital image processing 
techniques. 
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Although barcode readers are useful for keeping track of a 
large number of items, the conventional barcode technology 
has its limitation in speed When it requires tracking of a 
considerably large number of items (e.g., on the order of 
millions) due to their sloW reading and decoding process. 
Conventional barcode readers have a scan rate on the order of 

several hundred scans per second. Even the fastest barcode 
reader is limited to a rate of about one thousand scans per 

second. The speed limitation in scanners is largely in response 
to the need of scanning the source light across the barcode, 
While in imaging readers the image frame rate limits the 
number of scans per second. 

The speed limit of conventional barcode readers combined 
With the conventional digital signal processing prohibits one 
from tracking a considerably larger number of items, espe 
cially in applications including the ?elds of bioinformatics 
Where inherently a large number of items need to be managed, 
such as blood banks, stem cell banks, sperm banks, and DNA 
sequence banks. 

For example, barcode technology is currently used for 
blood bank information systems, alloWing safe blood dona 
tion and transfusion service that involve collecting, process 
ing, storing, and providing human blood intended for trans 
fusion. Incorrect blood component transfusion is the most 
frequent serious incident associated With transfusion. Errors 
Which underlie these incidents frequently are attributed to 
sample misidenti?cation. In face of the accelerating global 
iZation, it is critical to track and manage an extremely large 
number of blood samples. HoWever, for proper identi?cation, 
barcode technology requires a signi?cant amount of informa 
tion to be encoded, such as including the patient’s hospital 
number, last name, ?rst name, date of birth, gender, blood 
type, and so forth. The need for this much information chal 
lenges the speed of present day scanners, especially When a 
probed barcode must be compared With a large database. This 
translates into a trade-off betWeen scan speed and accuracy. 

Accordingly, a need exists for a system and method of 
reading barcodes and performing displacement sensing in 
less time Without the need of traversing the light over the item 
to be scanned. These needs and others are met Within the 
present invention, Which overcomes the de?ciencies of pre 
viously developed scanning systems and methods. 

BRIEF SUMMARY OF THE INVENTION 

The present invention is an apparatus and method for read 
ing targets in response to performing dispersive Fourier 
transforrns on the beam directed to the target or from the 
target. The target may comprise any form of encoded or 
unencoded target, including various forms of barcodes, as 
Well as unencoded samples of solids, liquids and/ or gases. For 
the sake of simplicity the term “target” is used herein to refer 
to any target or sample about Which information can be col 
lected in response to its re?ectance or transmission of an 
optical beam directed at the target. 

The invention is particularly Well-suited for applications 
relating to barcode reading and correlation matched barcode 
reading, although it is Well suited for a Wide range of detec 
tion, measurement and reading applications. Operation of the 
invention is generally based on detection Which utiliZes spec 
tral encoding and decoding of barcodes in space and time 
domains respectively, alloWing reading and database correla 
tion matched detection of tens of millions of samples (e.g., 
barcodes) Within a second. This is up to four orders of mag 
nitude faster than conventional barcode readers. The present 
invention also provides for high-speed displacement sensing, 
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4 
With the detection and/or measurement of optical response 
across one or more dimensions of space. 

For the sake of simplicity, the invention largely discusses 
reading of barcode samples, in Which the siZing of adjacent 
bars are determined and thus their coding can be decoded, to 
generate alphanumeric information. These barcodes may 
comprise any barcode structures Which are optically respon 
sive to the optical beam probe described herein. For example, 
the bars may comprise material of different color, re?ectivity, 
or otherWise have a re?ection Which is optically responsive to 
the probe beam. Alternatively, or additionally, the bars may 
comprise displacements, such as in response to etched, or 
raised, structures. 

To simplify discussion, the present invention discusses 
“reading” of the sample regardless of What is being decoded, 
detected and/ or measured, and is not limited to samples Which 
contain encoded information, such as the case of a barcode. 
The “reading” of non-encoded samples is considered to mean 
determining properties of the sample, including: presence or 
absence of constituents, siZe, shape, roughness, orientation, 
?oW, and any properties of interest Within the sample Which 
can be determined from the probe beam re?ecting from said 
sample. Alternatively, the present invention can be con?gured 
for reading samples in response to the level of optical trans 
mission through the sample, Wherein different characteristics 
of the sample can be discerned by the transmissive light, 
instead of the re?ected light. In addition, the invention can be 
implemented to provide separate detection of both re?ection 
and transmission of a sample if additional information is 
desired. The techniques taught for the present invention can 
also be used for analyZing the phase of transparent objects by 
detecting the transmitted light interferometrically. 

This invention pertains generally to optical imaging, espe 
cially for high-speed displacement sensing and reading of 
barcodes, performing correlation matched detection against 
reference databases, and more particularly to an apparatus 
and method for dispersive Fourier-transform imaging and 
optical database correlation based on spectral encoding and 
decoding of one- or tWo-dimensional barcodes in spatial and 
temporal domains respectively, including sample exposure to 
a broadband pulsed beam and optical re?ection detection of a 
time-domain Waveform preferably converted to digital sig 
nals. 
The method exposes a barcode to a broadband pulsed opti 

cal probe beam Which is spatially dispersed by a diffraction 
grating so that each separated Wavelength of the light is inci 
dent on a different part of the barcode along a transverse line 
on the barcode. The barcode information is encoded into the 
spectrum of the re?ected light. The re?ected light from the 
barcode returns to the diffraction grating Which re-combines 
the spectral dispersed components. The re?ected beam is then 
subjected to Fourier transformation performed using group 
velocity dispersion (GVD) and detected by a single-pixel 
photodetector. During the Fourier transformation, an optional 
internal ampli?cation can also be implemented to increase the 
signal-to-noise ratio and hence the detection sensitivity. 
Homodyne detection and/or balanced detection can also be 
performed to improve the signal-to-noise ratio. 

In a preferred embodiment, the photodetector converts the 
optical signal into an electronic signal that can be ampli?ed 
and digitiZed. The dispersive Fourier transformation in com 
bination With the photodetector maps the optical spectrum, 
Which is the spectrally encoded barcode information, into an 
electronic time-domain Waveform and represents an all-elec 
tronic spectrum analyZer. The embodiment of the invention 
thus eliminates the need for a traditional optical spectrometer 
(e.g., a diffraction grating and an array detector), and offers 
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high detection sensitivity, especially in vieW of the incorpo 
ration of internal ampli?cation. 

It should be appreciated that another dispersive element 
may be used according to the present invention to further 
disperse the probe beam in the perpendicular direction, 
Whereby the beam spectrum spans tWo dimensions in such a 
manner that the frequency of the beam makes a raster scan. 
Another method is that When the probe beam is scanned in the 
direction perpendicular to the transverse line that the probe 
beam via the diffraction grating is incident upon, then tWo 
dimensional images of the barcode can be obtained, such as 
foruse in reading tWo-dimensional barcodes. It should also be 
appreciated that the techniques herein can be extended into 
three dimensions. In one embodiment, a second tWo dimen 
sional probe beam may be directed at the sample from an 
orthogonal direction, and the optical re?ection and/or trans 
mission captured and processed according to the invention, to 
provide reading and analysis of a sample in three dimensions. 

The present invention also alloWs for optional ultrafast 
correlation matched detection of measured barcodes With a 
large database that consists of millions of barcodes. If an 
electro-optic modulator is placed before the photodetector, 
correlation matched detection is realized. The amplitude of 
the probed barcode signal is modulated by the conjugate of 
the knoWn barcode pattern from the database. If the measured 
barcode matches the one from the database, the detected 
signal shoWs a correlation peak. The measured signal arriving 
from the subsequent laser pulses is compared With other 
patterns in the database until the correct pattern is identi?ed. 
Before modulation onto the optical beam, the database pat 
tern is converted to the conjugate time series using a pattern 
generator, or a digital to analog converter. Naturally, the 
modulating database pattern must be synchronized With the 
incoming measured pattern. Henceforth, scanning correla 
tion matched detection is performed at the pulse repetition 
rate of the laser. It should be evident that the use of correlation 
matched detection is optional, as the dispersive Fourier trans 
form scanner can be used Without it. 

The use of a diffraction grating to map an optical spectrum 
into space is Well knoWn. When the spatially diffracted light 
is re?ected from an object, the re?ectivity pattern of the object 
is encoded onto the optical spectrum. The mapping of optical 
spectrum has been used for medical imaging in Which charge 
coupled devices (CCDs) are used to decode the spectrally 
encoded spatial information. 
One important aspect of the present invention is the utili 

zation of a dispersive Fourier transformation to map the spa 
tial information (encoded onto the optical spectrum) into a 
time-domain signal, and the utilization of this technique for 
reading of barcodes. Dispersive Fourier transformation has 
been applied to measurement of the spectrum of optical 
pulses for absorption spectroscopy and Raman spectroscopy, 
optical re?ectometry, and optical coherence tomography. 
Measuring the optical spectrum using dispersive Fourier 
transformation eliminates the need for a diffraction grating 
and a detector array. These elements are replaced by a disper 
sive ?ber, a single photodetector, and a digitizer. This simpli 
?es the system, and more importantly, enables fast real-time 
barcode acquisition. 
A major limitation of dispersive Fourier transform, and one 

that the present invention overcomes, is loss in the dispersive 
medium. The loss can be due to unWanted absorption or 
scattering that occurs as the light passes through the disper 
sive device. It also has a more fundamental source described 
by the intimate connection betWeen dispersion and loss 
imposed by the Kramers -Kroni g relations. Independent of its 
source, the loss limits the detection sensitivity of the system. 
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6 
This can be understood by recognizing that, by virtue of 
spectrum-to-time conversion, the spectral resolution (and 
hence the number of image pixels of the barcode scanner) is 
?xed by the temporal resolution of the electrical detection 
system. Stated differently, the electrical bandWidth of the 
digitizer limits the spectral resolution, a relation given by 
AKIOBS/(Dfdig), Where A?» is the optical spectral resolution, 
D is the total group-velocity dispersion, and fdl-g is the input 
bandWidth of the real-time electronic digitizer. The product of 
Ak-D is determined by the bandWidth of the digitizer, such 
that to increase the spectral resolution (i.e., to increase the 
number of image pixels) one is forced to increase total group 
velocity dispersion D. 

HoWever, this increase of spectral resolution is achieved at 
the expense of increasing optical loss and reducing detection 
sensitivity. Losses in the dispersive element are thus a central 
problem When high detection sensitivity and high spectral 
resolution are desired. Since the barcode spatial information 
is encoded onto the optical spectrum, the loss of the dispersive 
element imposes a limit on the number of image pixels and 
detection sensitivity. The sensitivity can be improved by 
using a long signal integration time, but this limits the speed 
of barcode reading. Therefore, the loss in the dispersive ele 
ment creates a trade-offbetWeen the detection sensitivity, the 
number of image pixels, and scanning speed. Increasing laser 
poWer is not an attractive solution because it can lead to 
unWanted nonlinear signal distortion. 
The present invention relies on the use of internal ampli? 

cation Within the dispersive element for overcoming the 
tradeoffs on sensitivity, the number of image pixels, and 
scanning speed. The above trade-off is overcome by compen 
sating for losses in the dispersive element. Toward optimizing 
performance, the ampli?cation is performed in the dispersive 
?ber to increase the strength of the signal re?ected back from 
the barcode. Internal ampli?cation in a dispersive element has 
previously been demonstrated in our laboratory in relation to 
real-time Raman and absorption spectroscopy, as Well as a 
femtosecond digitizing. This ampli?cation is applied in the 
present invention toWard optimizing one or more barcode 
scanner embodiments. 

The desirable features for a dispersive element are high 
total dispersion, loW loss, large optical bandWidth, smooth 
dispersion over the bandWidth, and commercial availability. 
Dispersive ?bers such as dispersion compensation ?ber 
(DCF) offer an optimum combination of these parameters, 
although there are other options such as chirped ?ber Bragg 
gratings (CFBG). While CFBG are more compact than DCF, 
the latter can also function as a Raman ampli?er to compen 
sate for the losses. The loss can also be compensated by 
discrete optical ampli?ers, such as erbium-doped ?ber ampli 
?ers or even semiconductor optical ampli?ers. Distributed 
Raman ampli?cation Within the dispersive ?ber is generally 
preferred in that it maintains a relatively constant signal level 
throughout the Fourier transformation process. This rela 
tively constant signal level is important in that it maximizes 
the signal-to-noise-and-distortion ratio by keeping the signal 
poWer aWay from loW poWer (noisy) and high poWer (nonlin 
ear) regimes. 
One of the advantages of Raman ampli?cation over semi 

conductor optical ampli?ers is that Raman ampli?cation is 
naturally broadband When used in an amorphous medium, 
such as glass. The gain spectrum can be further tailored by 
using multi-Wavelength pump lasers, and, surprisingly but 
fortuitously, extremely broadband gain spectra can be real 
ized using incoherent pump sources. This is highly desirable 
because a large optical bandWidth results in a large transverse 
barcode detection range. Raman-ampli?ed dispersive ele 


























