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Outline of Tutorial

Coherent Lidar
Digital Holography
» Holography
* Interference
* Image Plane DH
* Pupil plane DH
Optical wave propagation
Image Recovery — Post-Focusing
* DH Requirements
» Signal to Noise
* Depth of Field
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Digital Holography
The reference wavefront at the film (z = 0) is assumed to be a plane wave)
E,. (X, y,t) =E,, cos(2z f t—k «F +¢,,)=real (E exp(i2z f t—iIZr-F))

ref ref

is stored in a

Lenless Camera = Focal Plane Array (FPA) T
real-valued spatial interference pattern.
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The object wavefront at the film Note:K. =k 7+K  |Ku|= i_n
B (X ¥51) = A(X, y) cos(27 f t+¢(X, Y)) F = xR+ y§
— real (Eobj (X, y) exp(i (277f t))) Assume all light has same polarization
Reference Complex field representation
Beam Camera (FPA) 2
ak.a Local \T (X, y) oc (X, V,t) + X V,1
() = (B30 + o Guyf)
oc E(%Y) Ey €57+ cc.
3D Object
ecé 15 (6 Y) 14 (XY)
oy —— i Complex phase and amplitude information

Wavevectors

Plane wave can travel in any direction

The wave vegtor  has a “length” with units 1/meter
CLRC Tutorial-Babbitt @Nd wave vector’s direction points in direction of wave propagation.
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Wave Interference and Wavevectors ‘IZ ‘ B ‘IZ ‘ 2z
Greater angle of interference 172
=> Longer fringe wavevector T
=> Shorter wavelength of fringe K = kl — k2
NSRRI K=2/a
pE 1:5-'4,_.'1-\-
185, 1Bagbagy)
1‘)‘;.#‘.}‘#;.‘.‘ N
prqitg ity
.q:"hq:i\'"’h".‘[ \
T EY ISR LY
Afanlalglel)
T T THIL A=27/[K]
gitalPaftafiayg ,
.r;;.:_q‘__»‘._._.:l_,_g:,. The fringe
TR AT I R ] | wavevector's
‘.I:'i,f:'; ‘iﬁ‘.' length is inversely
e St - i
1'.!‘-.\‘ proportional to the

fringe wavelength.
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Pupil Plane vs Image Plane Recording

Pupil plane: i
= Object field at camera is FT of % ;

field at object

Fe Focus
= (+)Wide FOV, no optical ] e [ . K
elements to cause aberrations 27 L h- Extract & @
. ()Small solid angle of light L] mmp | | =

reaches camera
-> low signal strength

Image plane:

* Object field at camera is scaled
copy of field at object

* (+)More light captured
* (-)Aberrations from imaging lens L

CLRC Tutorial-Babbitt & Rotate Real Imnginary
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Digital Hologram Processing: Image Plane Recording

Assume all light has same polarization

Imaging
Lens

1(x,Y) o Ey(%Y) Eny €7+ CC.+ 1 (X Y) + 1 (X,Y)

Camera

ERef ______
1 e
Camera 15 24 F{Eobg } Mask region in k-
e, 0§ space of interest
IFFT
o) —> 7 <A
- Multiply
by eiE,-F
Eobj(x’y)
CLRC Tutorial-Babbitt

Complex valued

E obj (x)y )
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Digital Holographic Set-up: Image Plane Recording

Spatial

Polarizer

CLRC Tutorial-Babbitt
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Lenless Holography: Image Plane Recording

Obj Beam ‘/M
Tar

Focus ]
Phase 'i Pitrnct t
+ FFT I xtra & - &
m | =
Real Imaginary
CLRC Tutorial-Batbitt
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Optical Field Propagation
Y1
r s
kzﬁ i(x,y)
A
Incident plane wave X1 } ;
RN
— R
U (r
e U, (%,
Zy Z;
~ r,=[x,Y,,Z
=04, %2 2=l Yoiz]

CLRC Tutorial-Babbitt
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Wave Propagation Based on Huygens’ Principle

Every point on wavefront radiates out a new spherical wave

Radius of each wavefront is ct

primary

source

plane wa

CLRC Tutorial-Babbitt

Encyclopedia Britannica
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The Huygens-Fresnel Principle

The Huygens-Fresnel principle describes the propagation of optical fields.

Given the optical field at any plane, the field at any other plane is a superposition of
spherical waves, known as Huygens wavelets, emanating from each point in the first

plane, with the phase and amplitude of the field at that point
Huygens
e wavelets \
ikR f \
I 1 ”_ _\e

uz(rz)zaﬂd r Ul(fl)TCOSG i
where

. _ . _ R

rl:[xl'yl’zl]’ r2=[x2,y2,22] =

k=21

b 0

R=y|i—if +A2? 21 22

Note: cos(6) is an inclination factor, which is a bit
Az = -1, complicated to explain, but it will be set to one in next
CLRC Tutorial-Babbitt slide as part of Fresnel Approximation.
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The Fresnel Approximations

When the transverse (off-axis) distances in the two planes are small compared
to the propagation distance 4z, small angle approximations yield useful

simplifications: Fresnel Diffraction.

IkR |
:_ﬂdr u, —cose
\
If we assume |, — | << |Az], R
— = 1 r r =
R:W;AZ+E|Q—E|Z
1.1 4
R Az 21 2
ikR _ LikAz ik - _ep
Xp[ZAz| a j
cosf=1 The Fresnel diffraction integral:

. elkAz ik o
uz(r2)= VA7 _[ d h u1(r1)exp E|r2_r1|

CLRC Tutorial-Babbitt
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Fourier Optics - Fresnel Propagation

|kAz \

u (FZ); VT J' d’r u f)exp(—|r |2j R ’
N

0

’ In terms of x and y coordinates at z, and z, ‘ il 22

ikAz

U, (%, y,) = [] ddy, U, (x,, yl)exp[ (06 =%)%+(y,— yl)z)j

Assuming initial field and region of interest for the final field are centered close
to axis, and propagation in positive z, the Fresnel condition is:

|F,—%|<<|Az] for all ;,F;
=

x| << Az, |y,| << Az, |x,| << Az, |y,|<< Az for all x,¥;,%,,Y,
CLRC Tutorial-Babbitt
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Fourier Optics - Fresnel Propagation
ikAz

e
uz(sz yz)E

ik , )
Ve [[ dxdy, ul(xi,yl)exp(m((xz—xi) +(¥, =) )]

i2nAz 2Az Az

ikAz . 2 2 i . ) i
ke exp(lk(xz +Y, >j ﬂdxldyl[ul(xl, yl)exp(%jjexp[wJ

_/

ﬁ—l ﬁ—l
quadratic
phase

scaled Fourier transform

factors ke Ky,
A Az

keikAz

i2nAz 2Az

The Fresnel diffraction integral decomposes into a sequence of three operations:
1. Multiply initial field by a quadratic phase factor

2. Do a scaled Fourier transform

CLRC Tutorial-Bab 3. Multiply by a quadratic phase factor.

k 2 2 k 2 2 . .
U, (%,.y,)= exp| KL% +y2)J ﬂdxldyl[ul(xl,yl)eXp(%DeXp(lkxxi+Ikyy1)

15
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2D Fourier Transform (2D FT)

The 2D Fourier Transform of a continuous, non-periodic function f(x,y)
is defined as follows:

1 *® —ik, X i
Foo (FOY) =Flk k) == [ fOxy)e™e™ dudy

Given F(k,ky), we can obtain f(x,y) back using the 2D Inverse Fourier
Transform (2D-1FT):

ot (Flkak)) === [ [ Flkk, Je™e"dk,dk, = F(x,y)

T

CLRC Tutorial-Babbitt
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Fourier Optics - Fraunhofer Propagation

12wAzZ 2Az

If the initial object is “small” compared sqrt(14z)

2Zz(x1 +y, )<<n

= o= (%" + ) <<vAaz , for all x,,y,
Then the far field is just the Fourier Transform of
the image (with a quadratic phase factor)

k ikAz ik 2 2 ik 2 : ik (x .
U, (%,,Y,) == exp(n (X”yZ)dedeyl (ul(xl,yl)exp(' (x21A+Zy1)Dexp( ( ZXZZ AR

kelkAZ ik ik
uz(leyz)gmeXp A7 (X +y2 _”.dxldyl (Xl’yl)exp E(szfi'yzyl)

Fraunhofer Diffraction Pattern

CLRC Tutorial-Babbitt
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Digital Holography: Pupil Plane Recording (Lenless)
Obiject field after propagation from Object plane to Camera plane without lens

ikR (2 4 2 (32 12
oy (0 Y2) 2 — exp("‘(xgg o) ] If dxidy{El(xl, yl)exp[”“xiz;yl)j]exp(ikxxl+ikyy1)

E.(x,y,) Obiect B

--------

Camera
* ik«
I(X21 yz) 2 Eobj (X21 Yz) Eref el ot + C.C. + Iobj (Xz’ yz) + Iref (XZ’ yz)
Complex valued

Captured va
E..
Intensity Pattern ~~ ———=— Mask (XY’

Multiply by i i And .
‘ inverse phase E_‘_____: f’nultiply by “'
factor (x,y,) i inverse phase
CLRC Tutorial-Babbitt

_ and FFT factor (xl,fl) }
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Pupil Plane Processing to get Image Intensity

Obiject field in camera plane without lens

. 2
kR k|7, | - |k|F1| o
E, (%)= X I dr | E,(7)exp - exp(ik_ +F,)
Recorded intensity : Koo K
r |k r — = s R X+ R Y1
I(rz) e EObj(r) Eref\ + CC. + .Iobj(rz) + Iref (rz).
Pupil Plane Digital Hologram Processing: T | e .
! L
1. Capture I(r,) with DH system L) i* E
1
2. Multiply capture field by complex conjugate of '----;----'
quadratic phase factor(yellow boxes) -
3. Do a scaled Inverse Fourier transform to get ____'
object field 4

Computed object field (still with quadratic phase factor) in primed image plane

k|7, k|7 — T
1.E,(r}) s object field in |  U}(F) o byt exp| — = 1(B)poc E,(F=Fy, Jexp | Con
object plane 2R \ Unshlfted
2.I.E1(r1’). is object field in , ; Shifted by or shifted
primed image plane U, raskea (ﬁl)‘ g Il(ri’_ Fshiﬂ) scaled k, by scaled & 20

CLRC Tutorial-Babbitt
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Pupil Plane Processing to get Image Amplitude
Obiject field in camera plane ,
ik |7, =
obj(rz):ﬁ J- dr [ )GXP[T]]GXP(”(S‘?J
Recorded intensity

ikR zl»
I(rz) e Eobj(r) Eref IkR.FZ +CC. + Iobj(rz) + Iref (Fz)

Pupil Plane Digital Hologram Processing:

exp

P S P v 1

1

1. Capture I(r,) with DH syst i -

apture I(r,) wi system =* i

2. Multiply capture field by c.c. of quadratic phase factor(yellow boxes) ity
3. Do a scaled Inverse Fourier transform

4. Mask if desired (stop here if you just want object intensity, |u,[? ) '

5. Multiply by c.c. of quadratic phase factor (red boxes) to get complex u;,

Computed complex reimaged object field

ull(rl,) ee EXP[ _lk| ‘ J'Cscaled {exp

2R

—ik|r) |

I(fz)}m ST RS

\

Note the quadratic phase factors are functions of R, which allows
- post-capture focusing of the object(s)
CLRC Tutorial-Babbitt - processing multiple objects by bringing each into focus separately.
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DH — Pupil Plane Recording — Diffraction Limits

If the initial object is “small” compared sqrt(14z)

6| =(x*+y.?) <<~/AAz , for all x,y, for which object is non—zero

Then you don’t need to worry about quadratic phase factor with x, and y,
and only worry about quadratic phase factor with x, and y, if complex
field is desired(Fraunhofer regime)

ikAz

)= exp(ik(xg : ys)}ﬂdxidyl (U (x, yl))exp[wj

i2nAz 2Az Az

If the captured image is “small” compared sqrt(14z)

I =(%"+Y,") <<AAz , for all x,,y, for which U, (x,,y,) is non— zero

Still need to worry about quadratic phase terms(NOT Fraunhofer regime)

[Jaxay, (Ul(xl, yl)exp(wnexp {w]

kei kAz

U, (%, y,) =

i2nAz 2Az Az

CLRC Tutorial-Babbitt
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Pupil Plane Digital Holography: Simulation Example

1o 2 et oo L o
1\ 7R scaled 7R 2 1\°1 Cshift

Object + Ref

captured
on camera 2D FFT of
Object I(X,y) 2D FFT {I(x,y)}  {l(x,y) x phase factor}

..

Equation above is for general field, used if you want to recover the
complex field. In this example, we just wanted object intensity, so outside
quadratic phase term is ignored

CLRC Tutorial-Babbitt Images courtesy of Matt Goodman, MSU Spectrum Lab
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Pupil Plane Digital Holography: Refocussing

Varying the phase factor (focal distance Z2 =R)) :
_k . [ |
()= p[— 5] | s exp| 2L

2R °

L£=20cm (actual

distance)

Apply mask(s) Apply a
to separate “negative lens”
desired image and conjugate
from other comes into
features. focus
CLRC Tutorial-Babbitt  Images courtesy of Matt Goodman, MSU Spectrum Lab 2
24
DH - Requirements
» Stable laser:
» Single Frequency
» Coherence length greater than object-reference difference
* Wavelength that matches system requirements
» Spatial stability
 Path difference constant to better than A/4 during exposure
* The faster the exposure, the better.
» Post-processing
» Preferred: Real-time camera capture and post-processing
» -Fast data link with camera followed by fast CPU, FPGA, or GPU
» Local Oscillator/Reference Beam
* High spatial coherence
» Preferred: plane wave
» Spherical wave: just multiply in post-processing by it’s quadratic wavefront
* Angled w.r.t. Object beam (unless implementing phase shifted DH)
» Camera
» Operation at system wavelength
» Preferred: Fast frame rate
* Number of pixels: Trade-off between resolution and frame rate
» Pixel size: Smaller size => higher LO angles, but less object resolution (w/ fixed # of pixels). 25

CLRC Tutorial-Babbitt
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Reference-Object Angle and Camera Pixel Spacing
For small angle of separation, 6, of the object and reference waves

K=k, —k ~kO=270/ 1 K,
And the fringe wavelength, A, is roughly 2] 11_(;
- —_——
Azzn/\K\zzle K,

To capture the fringes on the camera, it is good to have the spacing of the
pixel of the camera, s, to be smaller than 2 A, Nyquist limit

S<AI2~A1(26)

Given a fixed pixel size on the camera and fixed operating wavelength,
the maximum angle between object and reference is

Omax = A/(25)

26

CLRC Tutorial-Babbitt
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Nyquist Criteria for Sampling Object Field

D, : Object Size 3, : Object Resolution
D, : Camera Size 3, : Camera Resolution u,

0

Resolution
requirements
in addition to
accounting for
angled
reference

e 2D, <=Forlarge R= | ° 26,,., 2D, beam. 27

ci 26

27

6/26/2022
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DH: Pupil Plane Recording - Requirements

D, : Object Size d, : Object Resolution
D, : Camera Size d, : Camera Resolution
Tx Beam {

Imaging
Lens

0 ~Al2~11(25,)

max

For image plane recording: Camera resolution and size
should “match” object’s image resolution and size, not
accounting for angled reference beam.

CLRC Tutorial-Babbitt
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DH Signal-to-Noise
After masking and inverse Fourier transforming, we obtain estimate of complex field for reconstructed
image

EReconstruct = ELO*U X vV mLOms
N
VMo + \[Ms + oy

VMLoy/ s
4/ TTlLO + Oy
Typically set LO power to produce m;, <= well depth

If the number of photoelectrons generated from LO field is much greater than camera readout
noise, /My > ay

SNR =

SNR =

SNR ~ /iy
= The system SNR is then limited by the shot noise of the signal

CLRC Tutorial-Babbitt
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Depth of Field (DOF)

= For conventional imaging and CW DH, the Depth of Field (DOF) is axial
distance around “focused” object plane over which the image is in “focus”.

2
. . .. R
- Diffraction Limited: DOFp; = 24 (E) ; R: Object Range
D: Entrance pupil diameter
d: Feature size

= Feature Limited: DOFypy, = 26 %.

F=20cm (actual
CLRC Tutorial-E distance)
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Montana Photonics Industry Alliance (MPIA)

Montana
Phatonkcs
induairy Alliance www.montanaphotonics.org

{or Montana's optics, photonics, lﬂmm

wntrepranaurs, labolatoses, wnal univeraile o
et g
comimercialize, grow snd sustin glob

organizaticns that creats high gualiy s
opportunity in Monta

* MSU helped found the MPIA
» MSU faculty and staff serve on the MPIA Board of Directors

* MSU and MPIA collaborate continuously to grow and sustain relationships in Montana and world-wide
CLRC Tutorial-Babbitt
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Montana Optics and Photonics Companies

532 Engineening (2022)
Montana
/ F HManobrokers (2019)
DptICS and Phﬂtﬂﬂlts Elemental Scantfic Lasers (2018)
Companies US Optics (2017}

Biackmore Sensors & Analytics/Aurora Tech (2016)
Ascent Vision (2015)
Advanced Microcavity Sensors LLC (2015)

Mantans
ﬁl_.ﬁ_' MT Photonics Industry Alliance (2013)
Hievralmx, Inc. (2012)

Agile Focus Designs (2016)
Revibro Optics (2015)
Laser Diode Source (2014)
Bridger Enterprises (2013)

= MicroLab (2011)
g Yellowstone Scientific Instruments (2009
= Pinyon Photonics (2009) § Montana Instruments (2009)
§ Photon Machines (2008) § nwB Sensors (2008)
K] Litron LESBFS. of N. Am. (2007) New Gate Technologies (2007)
§ & 5 Fluuégscence Innovations (2006-2012) Bridger Photonics (2006)
— = )
s § g 8 3 __ PhenixFO (2008}, o) 01 2005)
& T 2 = T3 & sensopath(2003)f 74.612004)
g 3 £ I €8 2 Rasiis(2003)f gencoy Laps (2003)
= B =3 =] uw S = = Resonon (2002 v
§ £ - % ‘_ﬂ“ E = 2 PDI Bozeman (2002-2007)
T |§ i c £ = AR MPA Technalagies (2001)
g % %‘ | L 5 & (1958) Chronochrome (2000)
=8 £ 8 3 £ F Sunburst Sensors [1999)  Spectrumuan (1559)
8= &8 £ = 3 £ Maw Wave Research/ES1 [ 1908)
§ ] = | o 3 E Allos Phalonics | 1995)
&5 E 5 x 5 P (1095)
g - T Quanium Composers (1933)
CLRC T . Lattce Materiaks (1963) & Aprd 7003 preeph shawimamiana. odu &k
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Spectrum Lab Overview

History
* Montana State University Research Center since 1999
* Research Expenditures/Assets
* >$1M per year in research expenditures
* >>$2M of accumulated equipment for optics and photonics research
* Research Spin-offs

» Four successful (25-75 employees, >>$1M annual revenue) direct and indirect “research spin off” companies
* S2 Corporation, Bridger Photonics, Blackmore Sensors/Aurora, Montana Instruments

Spectrum Lab’s Mission
» Develop and help commercialize Montana grown photonic technologies.
» Transfer developed technologies to Montana companies.

* Provide enhanced educational and employment opportunities for Montana undergraduate and graduate
students.

Expertise
» Applied Research and Development: Spatial-Spectral Holography, Microwave photonics, Precision Lidar,
Coherent Imaging, Laser Development
» Interdisciplinary Research: Students/Collaborators in Optics and Photonics, Physics, Material Science,
Electrical and Computer Engineering, and Mechanical Engineering
« |IP generation and protection => Fostering research spin-offs
» Educating students for careers in optics and photonics industry.

» Controlled unclassified (CUI) research facility. Personnel at secret and higher.
CLRC Tutorial-Babbitt 34

34

16



Recent Spectrum Lab Projects (§REC trum L——AE

ontana State University
Coherent Lidar and Imaging

— Stable, Linearized Optical Chirps

Range-Resolved Digital Holographic Imaging (See Thursday talk by Matt Goodman)

Polarimetric Digital Holography

Imaging through Turbulence and Fog (See Thursday talk by Corey Pearson)

Temporal Heterodyne Range-Resolved Digital Holography (See Monday Poster by Cole Hammond)

Quantum Networks

— Quantum information transfer in free space and through multi-core fibers
— Materials for guantum memories and sources

Spatial-Spectral Holographic Microwave Signal Processors
— Microwave Photonics
» Extremely broadband, high resolution spectrum monitoring and geolocation
00-110 GHZ, 40 GHz IBW, sub-MHz resolution, >1 KHz frame rates, >60 dB SFDR
» Broadband, high SFDR analog photonics links
— Real-Time High Bandwidth Correlator
» Broadband “noise” radar and geolocation
» Massively parallel cyclostationary signal processing

CLRC Tutorial-Babbitt 35
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