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Physical Scales for Wavelength-Coded Optical Imaging

Example Objects:

Macro-Scale: Aircrafts, Machine Parts, Human Body

Object
Under
Observation

Micro-scale: Blood Vessels, Cancer Cells

Nano-scale: DNA Structures



History of
Frequency/Wavelength Coded
Scanning/lmaging



1964: Frequency Steered Microwave Radiation/ Radar
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Frequency-scanning configurations

a Parallel-fed
B Series-fed

- M. F. Radford, “ Frequency scanning aerials,” Electronic Engineering, Vol 36, pp.222-226, April 1964.

- * M. F. Radford, “Electronically scanned antenna systems,” in Proceedings of the Institution of Electrical
Engineers (IEE), IEE Reviews, IET Digital Library, Vol. 125, No. 11R, pp. 1100-1112, Nov. 1978.

- I. W. Hammer, Frequency scanned arrays, Chapter 1 of Radar Handbook, M. I. Skolnik Editor, McGraw Hill,
NY, 1970.

* Figure Source



United States Patent

1971: Wavelength (i.e., Frequency) Steered
Optical Radiation/Laser Radar
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- R. L. Forward, Passive Beam Deflecting Apparatus, US Patent 3612659, 1971.



1978: Wavelength coding used for Incoherent 1-D
Optical Image (1-D Bar Code) Transmission via Single Fiber
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Fig. 1. Principle setup for wavelength coded transmission.,

- H. O. Bartelt, “ Wavelength multiplexing for information transmission,” Optics Communications, Vol. 27, no.
3, pp. 365-368, 1978.



1983: Wavelength and Angle coding used for Incoherent
Optical Image Transmission via Single Multi-Mode Fiber
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Fig. 17. Schematic arrangement for wavelength multiplexing.

- A. A. Friesem, U. Levy, & Y. Silberberg, “Parallel transmission of images through single optical fibers,”
Proceedings of the IEEE, Vol.71(2), pp.208-221,1983.



1992: Wavelength coding used for Incoherent 2-D Optical
Image Transmission via Single Mode Fiber (SMF)

e
LAY

Single-Mode
Fiber N—
f(x,y) — f(A) f(A) — 1(x,y)
Encoding Decoding
(WDM) (WDDM)

Fig. 1. 2D image transmission through a single-mode
fiber. WDDM, wavelength-division demultiplexer.
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Fig. 2. Proposed 2D image transmission system through
a single-mode fiber by using a 2D MC SELDA and a vol-
ume hologram,

- E. G. Paek, C. E. Zah, K. W. Cheung, & L. Curtis, “All-optical image transmission through a single-mode
fiber,” Optics letters, 17(8), pp.613-615, 1992.



1995 - RF-Wavelength Coding used for Coherent Optical
Imaae transmission via SMF
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- N. A. Riza, “High Speed Wide Bandwidth Optical Encryption and Decryption System using Spatial Codes,”

IEEE LEOS Annual Meeting Proceedings, OC 7.4, Nov., 1995.
- N. A. Riza, M. M. K. Howlader, and N. Madamopoulos, “Photonic security system using spatial codes and

remote coded coherent optical communications,” Opt. Eng. 35, 2487-2498 (1996).



1996: Wavelength Coded Endoscope for
Ultrasonic/Optical Imaging
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N. A. Riza, “Photonically controlled ultrasonic arrays: scenarios and systems,” IEEE Ultrasonics

Symposium, IEEE Catalog No. 96CH35993, \Wol. 2, pp. 1545-1550, Nov. 1996.

N. A. Riza, “Photonically controlled ultrasonic probes,” US Patent 5718226, Feb 17, 1998.




1998 - Wavelength Coded Endoscope for Optical Imaging
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Fig. 1. Schematic of the SECM probe.

SECM: Spectrally encoded confocal microscopy

- G.J. Tearney, R.H. Webb, B.E. Bouma, “Spectrally encoded confocal microscopy,” Optics letters, 23(15),
pp.1152-1154, 1998.



1999 - Wavelength Coded Fiber Remoted Optical 3-D Imager
with T/R optical amplification & A gain & switching controls

Each Programmable BFE/SLM creates a Unique Agile Pixel to Sample the 3-D Object

Any WDM MUX/DEMUX Device can be used
Including an Optic with Volume Bragg Gratings
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- N. A. Riza and Y. Huang, “High Speed Optical Scanner for Multi-Dimensional Beam Pointing and Acquisition,” IEEE-LEOS
Annual Meeting Proc., Nov. 1999.

- N.A.Riza, "MOST: Multiplexed Optical Scanner Technology,” IEEE LEOS Annual Meeting Proc., November 2000.

- N. A Riza, “Multiplexed Optical Scanner Technology,” USA Patent No. 6,687,036, Feb.3, 2004.



Non-Coherent Scanning Probe System for Internal
and External Cavity Biomedicine using Agile
Wavelength Manipulation
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N. A. Riza and Yu Huang, “High speed optical scanner for multi-dimensional beam pointing and acquisition ,” IEEE
LEOS Annual Meeting, Vol. 1, pp. 184-185, 1999.

N. A. Riza and Z. Yaqoob, “High-speed fiber-optic probe for dynamic blood analysis measurements,” SPIE Proc. Vol
4163, pp. 18-23, Aug. 2000.



Free Space W-MOS Using Tunable Laser
(1-D Scan Capability)
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Z. Yagoob, A. A. Rizvi, and N. A. Riza, “Free-space wavelength-multiplexed optical scanner,”
Applied Optics, 40(35), December 10, 2001.



Hand-held Free-Space W-MOS Design Using
Reflective Grating

Far-Field Simulation
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PD: Photodetector; GRIN Lens: Gradient index lens; PC: Polarization controller; L; = it lens; f, = Focal length of it" lens.

Z. Yagoob and N. A. Riza, “Free-space wavelength-multiplexed optical scanner demonstration,”
Applied Optics, 41(26), September 10, 2002.



Angular Scan Range of an In-line Free-Space W-MOS
Versus Wavelength of Tunable Laser
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Z. Yagoob and N. A. Riza, Proc. SPIE Vol. 5160, Paper No. 47, 3-8 August 2003, San Diego, California, USA.



Demonstration of Free-Space 1-D W-MOS

Specifications
e

Laboratory Free-Space W-MOS
Parameters

~

—

Wavelength Dispersive Element

600 lines/mm Blazed
Reflection Grating

940 lines/mm Dickson
Gratings

Scanner Design

Reflective

Transmissive (In-line)

Tunable Laser Bandwidth

1520 - 1600 nm

1520 - 1600 nm

Scanner Aperture

1.88 cm (1/e? Beam Size)

1.2 cm (grating size)

Random Access Beam Switching Time

60 us Using MTX-TEML
Tunable Laser

SAME

Scan Start Angle

71° (from N to the grating)

-4.440(wirt. 0,

Scan Stop Angle

84° (from N to the grating)

8.95° (w.r.t. 6;,.)

Measured 1-D Scan Range 13° 13.42°

Maximum Beam Divergence 1.1 mrad 0.172 mrad

Beam Pointing Accuracy (No Modulation) | 0.06 mrad 0.0095 mrad

Beam Pointing Accuracy (2.5 GHz Mod.) | 0.313 mrad 0.05 mrad

Number of Beam Spots 206 1361 using In-line Design
Average Scanner Insertion Loss (dB) 4.8 L.17 using Dickson

Grating




High-Speed Beam Scanning For 2-D Data Handling
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_______________________________________________

Z. Yagoob and N. A. Riza, “IEEE Photonics Technology Letters, March 2004.



Passive-Optics No-moving Parts Barcode Scanner
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Z. Yagoob and N. A. Riza, “IEEE Photonics Technology Letters, March 2004.



(a) Digit ‘3’ barcode image (in Codabar symbology) used to test in experimental
barcode reader.

(b) The optically read and processed barcode, representing the correct digit ‘3’ code
recovered via the experimental system.

(@)
(b)

Z. Yagoob and N. A. Riza, “IEEE Photonics Technology Letters, March 2004.



2004: Interferometric Wavelength Multiplexed Optical Scanner

a9 United States

a2 Patent Application Publication o) Pub. No.: US 2005/0083534 Al

Riza et al.

(43) Pub. Date: Apr. 21, 2005

(54) AGILE HIGH SENSITIVITY OPTICAL
SENSOR

(76) Inventors: Nabeel Agha Riza, Oviedo, FL (US);
Frank Perez, Tujunga, CA (US)

Correspondence Address:

BEUSSE BROWNLEE WOLTER MORA &
MAIRE, P. A.

390 NORTH ORANGE AVENUE

SUITE 2500

ORLANDO, FL 32801 (US)

(21) Appl. No.:  10/928,601

(22) Filed: Aug. 27, 2004
Related U.S. Application Data

(60) Provisional application No. 60/498,558, filed on Aug.
28, 2003.

Publication Classification

(51) INte CL7 oo, GOLB. 9702
(52) U8, Cl oo 356/47T

(57) ABSTRACT

An agile optical sensor based on scanning optical interfer-
omelry is proposed, The preferred embodiment uses a ret-
roreflective sensing design while another embodiment uses
a transmissive sensing design. The basic invention uses
wavelength tuning to enable an optical scanning beam and
a wavelength dispersive element like a grating to act as a
beam splitter and beam combiner to create the two beams
required for interferometry. A compact and environmentally
robust version of the sensor is an all-fiber in-line low noise
delivery design using a fiber circulator, optical fiber, and
fiber lens connected to a Grating-optic and reflective sensor
chip,

I-W-MOS



2004: Interferometric Wavelength Multiplexed Optical Scanner
I-W-MOS

Or Fiber-based
------ i;t--ru--rruu: Qpﬂc.al D’:h}"
Polarization g i Line

st FRER |
Maintaining Dorm
PMF  Broad band SMF !
H Lens :
n 3-dB Coupler — u-‘. ..... I — H

— — = Spectral compo-

—M— .._1:,__‘_‘ nents at different

SMF SME Probe Tip spatial positions

Coilinear BS
My " ae |
sy | High Speed
Dietector Array
for Fast Made
Demiltplexer g PDy (1) Acautsiion
2.8, a (rraling
CCD Imager for
Slow Mode:
Acguisition

Figure 1. Coherent probe system using a broadband
source. PMF: Polarization Maintaining Fiber, SMF:
Singe Mode Fiber; FR: Faraday Rotator; GRIN: Gradient
Index; BS: Beam Splitter; PD: Photodetector.

Z.Yaqoob and N. A. Riza, “High-speed scanning wavelength-multiplexed fiber-optic sensors for biomedicine,” The

1st IEEE International Conference on Sensors, IEEE Sensors 2002, Poster paper No. P1.36, June 12-14, 2002.



2004: Interferometric Wavelength Multiplexed Optical Scanner
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Figure 3. shows our advanced coherent scanning probe system with agile spectral shaping capability. SMF:
Singe Mode Fiber; PMF: Polarization Maintaining Fiber; OA: Optical Amplifier; PC: Polarization Controller;

-

VOA: Variable Optical Attenuator; GRIN: Gradient Index; PD: Photodetector; SA: Specrum Analyzer.

e T -

Z. Yaqoob and N. A. Riza, “High-speed scanning wavelength-multiplexed fiber-optic sensors for biomedicine,” The
1stIEEE International Conference on Sensors, IEEE Sensors 2002, Poster paper No. P1.36, June 12-14, 2002.



2004: Interferometric Wavelength Multiplexed Optical Scanner
I-W-MOS
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Figure 4. shows our Intelligent coherent probe system using a broadband source. MUX: Multiplexer; DEMUX:
Demultiplexer; SMF: Singe Mode Fiber; PMF: Polarization Maintaining Fiber; OA: Qptical Amplifier; PC:
Polarization Controller; VOA: Variable Optical Attenuator; GRIN: Gradient Index; PD: Photodetector;

SA: Specrum Analyzer. '

Z. Yaqoob and N. A. Riza, “High-speed scanning wavelength-multiplexed fiber-optic sensors for biomedicine,” The
1stIEEE International Conference on Sensors, IEEE Sensors 2002, Poster paper No. P1.36, June 12-14, 2002.



2004: Interferometric Wavelength Multiplexed Optical Scanner
I-W-MOS

+1 Order Scanning

Figure 5. Miniaturized fiber-optic sensor heads. FR:

Faraday Rotator; GRIN: Gradient Index; P: Prism; G:
Grating.

Z. Yagoob and N. A. Riza, “High-speed scanning wavelength-multiplexed fiber-optic sensors for biomedicine,” The
1st IEEE International Conference on Sensors, IEEE Sensors 2002, Poster paper No. P1.36, June 12-14, 2002.



2005: Spectrally Encoded Interferometry <> ( I-W-MQOS)

Fig. 1. a, Schematic of the time-domain spectrally encoded
imaging system. b, Extraction of both transverse and depth
information from the interference trace.

D. Yelin, S. H. Yun, B. E. Bouma, and G. J. Tearney, "Three-dimensional imaging using spectral encoding
heterodyne interferometry," Opt. Lett. 30, 1794-1796 (2005)



2008: Wavelength Coded Fiber Remoted Optical 2-D Imager using a Dispersion Shifted

Fiber that maps wavelengths to time delays for high speed serial electronic decoding of
optical image via Real-Time Oscilloscope ( using 1-D WMOYS)

Optical Beam Diffraction
Circulator

Expander || [ Grating
. | | | ||| ||
Mode-Locked
C—

o lff
il A A
Collimator SE—
Lens 'v
. . — i
Technique is called STEAM — —
for Serial time-encoded amplified microscopy s
Photodiode
* —[ sz
WDM WDM
Oscilloscope
11 i1
Raman Raman
Pump Pump

- K. Goda, K. K. Tsia, & B. Jalali, “Amplified dispersive Fourier-transform imaging for ultrafast displacement
sensing and barcode reading,” Applied Physics Letters, 93(13), 131109, 2008. (with 1-D motion of sample)



2009: Wavelength Coded Fiber Remoted Optical 2-D Imager using a Dispersion Shifted
Fiber that maps wavelengths to time delays for high speed serial electronic decoding of
optical image via Real-Time Oscilloscope ( using 2-D WMOYS)
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Technique is called STEAM for Serial time-encoded amplified microscopy

- K. Goda, K. K. Tsia, & B. Jalali, “Serial time-encoded amplified imaging for real-time observation of fast
dynamic phenomena,” Nature, 458(7242), 1145-1149, April 30, 2009. (2-D wavelength mapped imaging)
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