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I. INTJ~JDUCTLON

A. BACKGROUND

The development of electronic integrated circuits and their appli-

ca tion to our defense sys tems has led to i ncrease d rel i abi lity and
l ife ; reduced cost, size and weight; and reduced pri mary power require-

ments . The example set by this development has provided the justifi-
cation for a corresponding effort addressed to an integrated optical
circuit technology with the expectation of realizing some of the same
benefits for opt ical computers , sensors and communication systems ,
while simultaneously providing an increased information handling
capaci ty.

One important application of integrated optics is in the field
of coherent si gnal p rocessin g emp loying the Fourier transfo rm.”2 Optical
si gnal processin g is admi ra b ly su ited to perform l i nea r  analo g opera tion s
such as matrix products , the Fourier transform integration and rela ted —

correlation and convolution~
5 The p rocess emp loys a coheren t source ,

modulation function(s) and the detection function to be performed
throughout the signal spatial field with one or more Fourier transform

lenses between. The opti cal s ignal processin g funct ion is usua l l y
performed for a two-dimensional image , whereas an integrated optics
format will l imit the processing to a single transverse dimension as
a function of time .

For an application such as spectral analysis of microwave signals
extendi ng over a b road ex panse of the spectrum , this one-dimensional
characteristic is not a limitation . The opti cal Fourier transform
app lied to spectral analys i s of mi crowave si gnal i s attractive because
it provides “wide open” continuous response? The schemati c diagram
of Figure 1 i llus trates the essent i al components of an opt i cal Fourier
transform process applied to spectral analysis. An integrated optics
implementation of the spectrum analyzer will contain a coherent source
(presumably a (GaA l)As distributed-feedback laser)Vcoupled to a thin -film
optical waveguide~ an assortment of thin-film waveguide lenses performing
the beam expansion and the transform functions , together with a spatial
modulator4(presumably a surface elasto—optic interaction wi thin a
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common th in -’ilm ) and a thin -film detector array’5res pons i ve to the
laser w ith a temporal bandwidth encompassing the down-converted con-
volve d microwave s ig nal . The microwave si gnal is temporari ly ~‘stored”

as a wave form i n the s patial modulator which is simultaneousl y accesse d

in its entire ty by the optical field and transformed into various

spectra l components spatially separated by the lens and detected in

an array . Use of the integrated optics format for the spectrum analyzer

on a s i ngle su bs trate p rov id es the necessar y mechanical structure to
ob tain ri gi dity between the var i ous opt ical elemen ts. It also orov id es
the potential for a substantial reduction in size and weight of optical
signal p rocess ing sys tems .

The optical Fourier transform process requires a series of lenses

wi th sutf :ient aperture and resolution to encompass the time-spatial-

2
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bandwidth -product system requirements . Near diffraction -limi ted lens
performance and low scattering are necessary to obtain a useful resolu-
t ion and dynam i c range . Lens systems designed to fulfill these re-
quirements using convention al optical elements in three dimensions is
a highl y develope d art.5 The corresponding implementation of lenses
in two-d imensional thin — film waveguides constitutes a developing

technolo gy of which this report constitutes a second year ’s effor t
sponsored by the Air Force Avionics Laboratory. The fi rst year ’s ef for t ’6

addressed various approaches to lenses , lens systems and reflectors ,
as may be require d for implementation of the optical Fourier trans-
form function in an integrated optics format , whereas t h i s  secon d

effort has addressed a most promisi ng approach and has proceeded towards
its optimization .

B . PROGRAM OBJECTIVE

Basic to the development of an inte grated opti cs technolo gy are
the requirements for (1) a coherent source (2) the general modulation

func ti~ n , both temporal and spatial (3) the detection function and (4)

a wave guide technology to appropriately interconne ct these components ,
all of which must be implemented as a planar structure compat ible w it
var ious thin -f ilm processes used in the semiconduct or industry . It is
the optimizati on of thin -film waveguide lenses , lens systems and reflectc~s
for use in a real—time spectrum analyze r to wh icn this program is
addressed .

optical lens elements w ithin a thin-film waveguide media have

several additional desi gn freedoms and some restrictions when compared

wi th conventional opt i cal systems . Fi rst , the lens system is entirel y

i mmersed i n the th in-f i lm waveguide which has an effecti ve refracti ve i ndex
determined by the choice of materials and film thickness . The ambi ent

wave guide effective refractive index may be greater than , or less th an ,
the index employed for the lenses . The availa ble range of refractive

indices is restricted to values greater than that of the substrate bulk

refractive index to preserve wave binding within the thin- film waveguide .

Second , the use of non p l ana r  su bstrates permits  the forma ti on of lenses
of uni form refracti ve i n dex by changes of the path len gth because the rays

trave rse geodesics . The maximum refract i ve index i s usua ll y limi ted by

:.
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the thin-film waveguide material except for geodesics where the

path length increase synthesizes the larger value . Third , i nho mogeneous
lens elemen ts are feas ib le us i n g homo geneou s d ie lectr i cs an d may be
produced by graded waveguide film thickness. Consideration of these
various rami fications was included in the initial effort , Optical
Wave guid e Lenses , J •

)6 One important conclusion derived from this
initial effort suggested that generalized thin -film Luneburg lenses
were a favored approach for optimization i n i ntegrated opti cs format .

Referrin g to Fig ure 1 , the essential lens elements i nclu de a beam
expansion system and a Fourier transform lens. In addition to the re-
quirement for near diffraction -limi ted performance and low scattering,
the desi gn of these lenses mus t consider the len gth of the opti cal ax i s
because the Fourier transform “chi p ” substrate area is li mited. Reason-
ab le substrate dimensions are comparable to that emp loyed i n the elec tron i c
ci rcui t industry. Therefore, consi deration of the telephoto effect so as
to reduce the phys i cal focal len gth of the Four ier trans form lens rece iv ed
attenti on during the initial program , Optical Wavegui de Lenses , I. The

require d large compression of the phys ical  focal len gth , field of view
and field curvature negated further consideration of the telephoto effect
in preference to a folded opti cal system. It was also necessar.y to develop

plane re fractors for fol di ng so as to m i n imi ze the substrate area employed .

Charac terization of opti cal element performance is essenti al for de-
sign and applications requi ring near diffraction -limi ted performance .

Various techniques are available to characterize conventional three-

di mensional lens systems. However, new techn iq ues were necessary to
characterize the performance of thin-film optical elements because they

are imbedded wi thi n the fi lm and , there fore , their development has been in-
cluded and applied.

C. TECHNICAL APPROACH
Base d upon the resul t  of the preced i n g p rogram , Optical Wavequide

Lenses, I , this curren t effort, Optical Wavegui de Lenses , II , re porte d

herein , addresses inhomogeneous thin-film waveguide lenses , lens systems

and reflectors whic h are appos ite to the optical Fourier transform function
con tinuing the emphasis upon waveguide material—structures with compatible 4



planar processes . The basic refractive element conside red is the

positi ve general i zed Lunebur g lens (with arbitrary ax ial foci equal

to, or greater than , the lens di ameter). Two of these lenses with

comparatively short focal length are employed for the beam expansion
while a sin gle lens with a longer focal length is employed for the

Fourier transform function using reflectors for folding.

Specifi c considerations during the current effort have included
(1) optimization of inhomogeneous lens radial refractive index profile

to more closely approach the diffraction-lim ited performance , (2) re-

duction of scattering losses due to the wavegui de fi lms , substrate
isolation l ayers and optical element boundaries , (3) establishment of

lens reproducib il i ty, al ignment and positioning without regard to the

specifi c profiles and (4) suppression of mode convers i on within optical

elements . As a result , the capability to fabricate generalized Lunebur q

lenses with speci fic parameters has been estab lishe d , together with the

means to characteri ze and predict thei r performance .

Motivated by the potential advantages of integration of both optical

an d electronic components , a new waveguide material-structure was identi-

fied , develo ped and used to create the del i verable lens systems. The
new waveguide material-structure exploits thermally-oxidized silicon as

an isolation l ayer between the waveguide and the supporting silicon sub-

strate . Typical Luneburg lenses employ Ta205 as an overla yer or under-

l ayer i n conjunc tion wi th  Cornin g 7059 glass employed as the wave gu id e.
The thermall y-oxidized substrate wi th appropriate careful processing has

proven to yield the lowest scattering substrate thus far identi fied. A l l
of the effort reported herein has utilized this waveguide mater ial-structure .

I t should be noted this structure is also compatible wi th the waveguide

couple d detector array and spatial modulator requirements for the optical

Four ier transform “ch ip ” usin g an overlayer of ZnO as the piezoe lectricI~
22

A par t of this program has been di rected to the waveguide coupled

pho todetec tor array for use in the spa ti al frequen cy p lane of the optica~
Fourier transform “chip. ’ Lenses and w?veguide have been formed and

characterized using the therma l ly-grown Si02 on Si su bstrate whe re the

5

~~~~, 4 ,  - -
~~~~ p- . - . - ~~~~~~~~~~

-
— ~~.



—.- -~~~~~~~~~~~~~~~ .-- -- ‘I ’

Sb 2 Isolation layer has been removed for coupling of the waveguide to
the photodetector using the evanescent field. This waveguide photo-
detector array investi gation has been carried out by the Department of
Electrical and Computer Engineering at the University of Cincinnati
under a subcontract under the direction of Professor J. T. Boyd.

The following Technical Discussion is organized by subdivisions
into the reporting of specifi c results complemented by a series of
appendices consti tuting scientific papers in the process of publ ication
in the open lite rature. The appendices include :

(A) D. B. Anderson , J. T. Boyd, M. C. Hami l ton, and R. R. August ,
“An Integrated Opti cal Approach to the Fourier Transform,”
to be published , IEEE Journal of Quantum Electronics Special Issue ,

Integrated Optics , Apri l , 1977.

(B) D. B. Anderson , R. L. Davis , J. T. Boyd , and R. R. August ,
“Comparison of Optical Waveguide Lens Technologies ,” to be
published , IEEE Journal of Quantum Electronics Special Issue ,
Integrated Optics , April , 1977.

(C) J. T. Boyd and C. L. Chen , “Integrated Opti cal Waveguide and
Charge Coupled Device Image Array ,” to be published , IEEE Journal
of Quantum Electronics Special Issue, Integrated Optics ,
Apri l , 1977.

(D) C. L. Chen and J. T. Boyd, “Linear Charge Coupled Device
Detector Array for Imaging Light Propagating in an Integrated

Thin-Film Opti cal Waveguide ,” Proceedin gs Conference on Charge
Coupled Device Technol ogy and Applications , sponsored by the
Nati onal Aeronauti cs and Space Administrati on, November 30 -
December 2, 1976, Washington , D. C.

(E) W. H. Southwell , “Inhomogeneous Optical Waveguide Lens Analysis ,”
to be publi shed ,Journal of Optical Society of America , Aug . 1977.

(F) W. H. Southwell , “Index and Waveguide Thickness Profiles for
Generalized Luneburg Lenses ,” to be published ,Journal of Optical
Society of America , Aug. 1977.

An effort has been made to avoid duplica tion between the Technical Discus-
sion and the various appendices. Therefore , reading of the appendices 

is6



suggested prior to delving into the technical discussion section in
depth . Appendix (A) introduces the optical Fourier transform design
considerat ions wi th supplementary details provided in the following
sect ion. Appendix (B) compares various thin-film waveguide lens
technologies largely encompassing the work of the prior effort, Optical
Waveguide Lenses I. Appendices (C) and (D) are the result of this effort
which has been performe d at the University of Cincinnati . Appendi ces
(E) and (F) are also the result of this effort di rected to the compu-
tation of lens performance to provide a tolerance analysis , more fully
developed in the following section .
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I I ,  TEQIIICAL DISQJSSION

A. GENERAL

Some general properties of optical Fourier transform signal pro-
cessing are delineated herein prior to detailed discussion of thin-
film optical wavegui de lenses , reflectors and lens systems. The

followi ng analyses should be considered simultaneously with Appendix

A , “An Integrated Optical Approach to the Fourier Transform.” Both of
these analyses consider various aspects of the spectrum analyzer theory
of operation whic h is essentia l background for the development of thin-
film optical waveguide lenses, reflectors and lens systems del i neated

herein because the optical performance of these elements has direct

impact upon spectrum ana lysis.

The optical Fourier transform as an electronic spectrum ana lyzer is

illustrated in Figure 1. Coherent laser light propagating in a thin-

film waveguide is expanded and collimated prior to being incident on a

surface elastic wave wh ich has been exc i ted by the incoming electrical

signal. Diffraction of light by the surface elast ic wave occurs i n such
a way that li ght is diffracted at di fferent angles corresponding to dif-

ferent electri cal si gnal frequency components . For a range of signal
frequencies and surface elastic wave intens ities , the deflec tion ang le
is linear ly proportiona l to the signal frequency , and the d if fracte d
light amplitude is linearly proportional to the si gnal surface elast i c
wave amplitude. A waveguide lens is then positioned so as to perform a

one-dimensiona l Fourier transform . Sig nal spectral informati on wh ich i s
represented by the angu lar composition of light emerging from the sur face
elastic wave region then becomes represented by the transverse spatial

variation of light in the Fourier transform plane. The intensity 0f the

li ght spa tial dis tribu ti on i n the transform plane corresponds to the sig-
nal power density spectrum and can then be converted to an electrical

si gnal by means of a detector array.

1. Spectrum Anal yzer Theory of Operation

Consider ing the optical waveguide geometry shown in Figure 1 , the

field amplitude E(y2) in the transform plane is related to the field

amplitude in the input plane E(y1 ) accord i ng to 23
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kN (m )y2
E(y2) 

= b L E(y0)e 
F 

dy~ 
‘ (1)

where y is oriented alon g the wavegu id e surface perpend icular to the
ax is of wave propagation (z axis) and the x axis is normal to the wave—
guide surface. The x dependence of the field contains the form of the

waveguide modes and wi ll generall y be suppressed for conciseness in the
present development. However, its effect on Bragg diffraction is in-
corporated .’° In (1), F is the lens focal length , Ne(m) is the thin-

film waveguide mode effective refractive index for the mth order mode ,
k = 2ir/A where A is the optical wavelength , and b is a comp lex constant.
As use of the opti cal Fourier transform for spectral analysis in an inte-
grated optical format dictates minimizing substrate area , the separa ti on
of the lens and the input plane should approach zero. The resulting phase
quadrature term i n the Fourier transform 23 i s of no consequence si nce onl y
the si gnal power density spectrum is detected . If a uniform plane wave
over an aperture 0 is present at the i nput , the output has the familiar
form:

(kN (m)Dy 2E0 (y2 ) = bD Sinc~~ ~F (2)

where sincx = sinx/x. The 1/2 width between nulls of this diffraction
pattern is

= N (rn)D (Plane Wave) (3a)

For the more realistic situation of a Gaussian transverse dependence
truncated to the l/e value , the corresponding diffraction pattern width
i s gi ven as: 24

= 1.41 Ne(fll)D (Trunca ted Gaussian) (3b)

Similar expressions can be obta i ned for other transverse field distri-

butions. For a given transverse field distribution , expressions of the
form given in (3) determine the smallest resolvable distance in the
Fou ri er transfo rm .

10
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The optical axis in Figure 1 and the surface elastic wave propa-
gation axis are oriented so as to satisfy the Bragg condition at the
signal center frequency . The z axis in Figure 1 is thus at an angle

with respect to the optical axis of the incident wave wh ich we

denote as z~, where e B is the Bragg angle defined as

Sine — 

Af50 (4)
B 

- 

2Ne(m)vr

where f
50 

is the signal center frequency and yr is the Rayleigh wave
velocity . We now ccnsider both the optical wave incident on the sur-

face elastic wave and the diffracted optical wave to have the form:

i(~ .t-k.4~.)E1(y~, z1, t) = j(f A
~
(w
~
, i
~ )e 

1 1 1 dw
~
dk
~ 

(5a)

ff i(wdt- kd
.r
dEd (y. z , t) = JJ Ad (wd, ~a

)e dw~d~ , (5b)

where the subscript i refers to the incident wave and the subscript d

refers to the diffracted wave and k i d  
w i,d Ne/c. The coordinates (y, z)

without subscripts apply to the diffracted wave. The surface elast ic Wd.~

f ield has the form :

i(2~f t - .
~

)
g(y, z) = f f G(f5, l~5)e 

S df
5
di~5 , ( 6 )

where

k
~ 

= 2lTfs/vr and wd 
= 2

~~s~~l

The variat ion of the elastic wave amplitude along the propagation axis

of the elastic wave g(y, z) represents the time variation of the app lied

elec tron i c si gnal so that we can wr ite

11
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g (y, z) g( t )  (7)

Propagation
axis

where g(t) is the signa l function for spectral analysis. By following

the procedure described by a number of authors ~t,25~2b substituting the
above field expansions into the electromagnetic wave equation and ma king

the usual assumption of neg lecting the spatial second derivatives of the
optical field amp l i tudes A 1 d’ the following equation can be deri ved

for Ad :

i•K~~
:

4 = i fl~ ffe G(f 5 , i~ ) A
~

(w 1, k~) dE5dT
~ 

(8)

where

~
k _ k d -

~~~~~~~ 

-

~~~~~~~ 

(
~

)

- ________

~d 4c (10)

In (10), p is the photoelastic constant and Ne the refractive index of the

wavegui de, S0 is the maximum value of the elas tic strain ,G(f5, k~) is

normalized so tha t its maximum value is unity, c is the velocity of light ,

and Q is an overlap integra l given elsewhere ’0 which is a measure of the
strength due to coupling for the suppressed x dependence of the fields.

We now assume that the i nput optical wave is composed of only a single
plane wave component. Furthermore , the surface elast ic wave consists of

uniformly-weighted plane wave components within diffraction ang le s,~ and
no components beyond 5c~, i.e.,

A( w 1, ~~
) = A~0 ~~~~~~ ( l la )

12
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G(f5) k5 wi thin o,i ,

= (ll b )
0 otherwise

where ,S~ is assume d suff i c i ent ly  large so that the elasto—optic band-

width is limi ted by the transducer bandwidth 10 In (llb), G(f5) is

the Fourier transform of the input electric signal g(t). The assumption

(lib) concerning che angular spectrum of the surface elas ti c wave can be
closel y approximated over large signal bandwidths through the use of

tilted transducer arrays.’2’21 The assum ptions (11) correspond to the case

i n whi ch the optical beam spread i s much less than the surface elas ti c
beam spread . For th i s case , the optical beam spread will not be signifi-

cantly altered by the elasto-optic interaction !3’28’29 We further restri ct
our attention to the Bragg regime so as to eliminate the possibility of

ambiguities caused by multiple scattering . Furthermore , as noted by

Giallorenzi and Mi lton ,13 second-order multiple scattering is avoided

if k~ max < 2 k
~ m m ’  where k5 mm an d k 5 max are the minimum and maxi-

mum values of k5 over the range of the signal band. Using (11), the
equation governing the amp litude ,(8) reduces to

dA
= 

d A 10 G(f5) f e d~5 . (12)

k 5 C ~

If we rest rict uur attention to the reqion of operation in which the in-
cident wave is not dep leted , trier the di Y ’ected amp litude is readi l y

obta ined by a s~rno1 e i r tear ~ t i c r . Operat ion of the spectrum anal yzer
requires a l inear re~at i o ns n i p  between ~bn dif 4 tee field amplitude

~nd the si nal a r p l i t u c e  spectru m , whi- ~n s ~cb ieved by 1i m i t i~ g the

surf ace e last ic  wa ve intensity . Cumulat ive -~nd t hus effic ient enern~
transfer f~ or the si gnal input to the d i f f racted optical beam onl y occurs
when mcm en~ um conservation is satisfied , i .e., Tk = O.~ Restricting our
attention to onl y the surface elast ic wave angular comp onent whi ch causes

= 0 and using the solution of (12) for a nondepleted incident wave , we
obtain from (5b):
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i(wdt - kdoz) f -i !L (f5-f50 )cos e 8y
Ed (y, z, t) = ae G(f~)~ 

r

J
~ 

~~~~~ ~ -f~~I sino Bz

e r df5 .

where

kdo = ki0 + i
~
•
so I (14)

and a is a collection uf constants and k
50 

=

The transverse portion of the spatial field distribution (13) emerg ing
from the sur face elas ti c wave pro paga ti on region is then Fourier trans-
formed by the optical waveguide lens according to (1). Lett i ng z = 0 be
the transform input plane and substituting the spatial portion of (13) into
( 1)  gives

-i ~~~~~ (f~-f5~) cose~y0
E(y2) = ab

ff 
G(f5) w(y0)e 

r

~ 
k N Y 2 (15)

~

e dy0 df 5

where w(y 1) is a wi ndow function defi ned such that

~ 0, y~ < D/2
w(y1 ) (16)

=0 , I~~I > D/2

The Fourier transform result (15) corresponds to the starting point ,

i.e. , Equation (5A) in the paper “An Integrated Optical Approach to the
Fourier Transform” reproduced in Appendix A of this report. In that
paper , we show that (5A) above reduces to the usual truncated Fourier
transform relation; that is , the convolution of the si gnal spectrum with

14
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the Fourier transform of the window function (7A).  The above paper
then proceeds to point  out tha t this  convolu t i on w i l l  y i el d an accura te
mapping of the Fourier transform of the input signal in the output opti-

cal transverse plane i f the time-bandwidth product of that portion of
the surface e last i c wave dela y l i ne travers i ng the i n pu t optical aper-
ture i s much grea ter than one . Thus , as in other Fourier transform

tec hni ques , the appropriate time-bandwidth product serves as a figure

of merit for measuring the fi del ity of the spec trum anal ysis process.

The paper, “An Integrated Optic al  App roach to the Four ier  Transform ,”
then proceeds to deve l op var ious  desi gn conside rations of the spec trum
anal yzer indicating how the lens aperture and focal length determine
the time-bandwidth-product and the spectrum anal yzer resolution where
a surface elasto-optic Bragg type spat ial modulator is emp loyed and
where a discrete set of photodetectors are employed in an array . The
center frequency of the spatial modulator and the photodetector array
spatial resolution are determined by the l i t ho gr aphic art emp l oyed which
determines the minimum practical dimensions realizable with reasonable
yi eld . Figures 3A and 4A of Appendix A indi cate these functional relation-

ships which have served as the base for this effort, “Optical Wave gui de
Lenses I I . ”

The spectrum analyzer requires a beam expansion lens system with a
large expansion rati o ( —  90) confined to a minimum of substrate area
( — 2  cm) . The Fourier transform lens requires a field of view on the
order of 3 degrees and an f-number in the range of.5-lO. The original
intent to employ a telephoto system was abandoned because of the dif-
ficulty of realizing the fi eld of view without excessive field curvature .
Thus , a single Luneburg lens with a retroreflector was substituted to
minimize the substrate area required and to obtain a comparatively flat
field with a long folded focal length. The spectrum analyzer also re-
quires a detector array coupled to the thin-film waveguide containing the

Fourier transform lens. The results of the investi gation relating to
these opt ical elements for the spectrum analyzer follow .

15
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2. Optical Wavelength
Seve ra l cons iderat ions di ctate the preference for an opti cal

wavelen gth in the far red or near i n frare d for use in the integrated

op t ical  Four ier trans form “chip. ” The emission wavelen gth of the
electron inject i on laser is in the vicinity of 0.9 microns. Its
ch aracterist i cs of small  s i ze , efficiency , and adaptability for

hybrid coupling to thin-film waveguide optics are compatible with
the inte grat i on conce pt. Incor porat ion of di stri buted feedback w i l l
provide the requisite narrow emission linewidth and em iss i on wave-
length stability .

Another important considerati on is the waveguide materials , struc-
tures and associated processes that must yield low-loss waveguide be-
cause scat ter i ng can degra de the Fourier trans form ’s dynami c ran ge an d
degrade i ts resolu tion . Some oxi de thin fi l ms have been demons tra ted
to exhibit comparatively low loss in the far red and near infrared.

Because Rayle i gh sca tter i n g is inversel y p ro port ional to the four th
power of wavelen gth , it becomes essential to emphasize the near infra-

red to min i m i ze sca tter i n g . Use of the lon ger wavelen gth relaxes the
tolerances required for thin fi l ms to obtain reproducible controlled

waveguide effecti ve refracti ve indices. Wave gui de lens aberra ti ons
are also wavelength dependent.

Although O.9 ,~ is recognized as the pre ferre d wavelen gth , mos t
experiments reported herein have emp l oyed O .633p radiation from a

He/Ne gas laser for experimental convenience.

3. Waveguide Material s Compatible with Silicon Technology

During the preceding program , Optical Waveguide Lenses I~
6 
various

types of homogeneous and inhomogeneous refractors were investigate d using
a variety of thin films and substrates. Planar and geodesic lenses were in—
clude d. As a result and recognizing the requirements for the optical
Fourier transform functi on , this current effort , Optical Waveguide
Lenses II , has emphasized a single lens-waveguide structure formed by
processes wh ic h yi el d relat i vel y low losses . All refractors considered
here in  have employed mult i layer th i n fi lms to form general i zed Lune bur g
lenses. The waveguide—lens material -structure universally employed

16
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consists of Ta205 on Corning 7059 waveguide on thermally-grown Si02 
-V

on a single crystal silicon substrate.

Several factors have led to placement of emphasis upon the use of
Ta205 on 7059 on thermally-grown Si02 on Si. First , thermally-grown
Si02 has proven to yield the lowest loss , l ow-scatterin g substrate sur-
face as an isolati on l ayer between the waveguide and the substrate . The
thermal growth process and resulting film reseo~thle that of ultra low-
loss fibers Implying that it is reasonable to expect comparable results
due to this substrate structure for integrated optical circuits . Second ,
sing le-crystal wafers of silicon have sufficient dimensions to encompass
all  op ti cal elements for i ntegrat i on on a singl e “chip. ” They are
available at reasonable cost, and its associated processing is a mature
technology . Third , an integrated optical ci rcuit may be forme d on the
oxide i solation layer while integrated electronic circuits may be formed
under the layer with coupling between established by removal of the oxide15

Some optical circuits will require the presence of a piezoelectri c to
initiate a surface elasto-optic or electro-optic interaction . RF-sputter-
deposited ZnO on the Si02 can ful fill this requirement.’1 An opti cal cir-
cuit may be inte grated w i th the electron i c counter part p rov idi n g for i ts
simultaneous exploitation .

The formation of a generalized Luneburg lens is a simple process.
Three different cross sections of waveguide Luneburg lens structures are
illustrated in Figure 2. The lenses are circ ular symmetric and are formed
by depositi on through a suitably shaped mask. The transverse electri c
mode of the lowest order (TE0) is normall y employed in the waveguide .

The overl ay lens structure (a) has been employed for most experiments

for expedience whereas the overlay structure (c) is better because it - -

su pp resses scatte ri n g at the feathere d ed ge of the Ta2O5. Cross sec ti ons
(a) and (c) are asymmetri cal and , therefore, can potentially excite the

nex t hig her order mode , TE 1 or Th1. The wavegu i de lens (b) is the pre-
ferred structure because it is nearly syninetrical and because the feathered
edge is immersed. This structure only minimally excites the TE1 mode but
may exc it e the TE2 and higher orders if sufficientl y thick , a condition
to be avoided . Because the Luneburg lens derives its inhomogeneity by

17
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Fi gure 2 . Three Cross Sections of Wa veguide Luneburg Lens Which Resul tin Different Degrees and Diffe rent Types or Mode Conversion .
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changes of waveguide thickness , it will exhibit an inherent chromatic
aberration.

Th e losses encoun tered i n opt i cal wave gu ide p ropa gat i on a re due to
absorption and scattering , the latter of which is important because it

may l imi t the spec trum anal yzer dynam i c range and resolut i on. As id e
from the wavegu ide material absorption , a structure employing an isola-

tion layer may also exhibit additional losses due to the penetration

of the evanescent field through the isolation layer into the substrate .
The calculated

30
waveguide attenuation due to evanescent field absorption

in a silicon substrate for three waveguide thicknesses of 7059 as a
function of the thermally -grown Si02 isolation layer thickness is de-
picted in Figure 3. Observe that a waveguide wi th a thickness comparable
to the wavelength or less with an isolation layer , more than a wavelength
thick , suppresses the absorption due to the evanescent field to a trivi-
ally small value.

During this program , considerable effort was devoted to the suppres-
sion of Mie and Rayleigh scattering because it constitutes the one major
factor that may compromise the exploitation of a thermally -oxidized silico n

substrate. Sufficient evidence has now been obtained to show that the
scatter i ng may be sup pressed , although its consistent realization is some-
time s elusive . The transmission of He/Ne radiation at 6328A through

Cornin g 7059 wave gu id e i s depi cted in F i gure l l B , Appendix B , and i n
Figure 4. In each case , a coll imated beam resembling a Gaussian was em-

ployed. The measured input beam profile is included in the figures . The

observed output transverse profile , after propagation through 9 cm of 7059

wave guide using input and output pri sm couplers (Ti20), is shown in Figure 4.

The beam width and profile are essentially the same except for fine-grain ,

spatial noise. The residual scattering level of both the input and output
beam distr ibutions at approximately -28 dB is an electronic instrumentation

limit of the beam profile probe and recordin g system. Relatively long

sections of 7059 waveguide have been produced on thermally—grown Si02 for
wh ich the scattering trace is not apparent to the eye. Typical Corning

7059 waveguide absorption and scattering loss is on the order of 1 dB/cm.
W h i l e  some spec imens are i n the 0.3 dB/cm re gi me , these depositions de-

grade wi th cime with the attachrent of atmospheri c partic’ilates , which

19
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Figure 3. Thin -Film Waveguide Attenuation Due to Evanescent Field
Absorption in Silicon Substrate for Three Corning 7059
Overlay Waveguide Thicknesses as a Function of the Thermally-
Grown Si02 Isolation Layer Thickness (After Chen).

30

suggests the use of a superstrate isol ati on l ayer , possibly an organic
deposited from solu tion .

Tantalum pentoxid~
’3
~nd Nb205 have been employed to form homogeneous

and inhomogeneous thin-film lenses~
5 Their losses are in the 0.5-3 dB/cm

range depending upon the deposition process. The larger value is usual ly
obtained for very thin layers on Corning 7059 and a lower value may be
obtained when ininersed or in thicker cross sections. All of the experi-
mental results, depicting lens performance photographically, have employed
the overlay structure and thus exhibit the larger loss. The photograph

20
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Figure 4. Intensity Distribution of 6328$~ Laser Radia t ion  (a) Input
Beam to Pri sm Coupler and (b) Output Beam From Prism Coupler
After the Beam Has Traversed Throug h 9 cm of 7059 Waveguide
on Thermal ly-Grown Si02.
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Figure 5. Ray Trace of 6328 A Through Ta205 Waveguide on Thermally-GrownSi02 on Si , 7 cm Path Len gth

of Figure 5 show~ a scatter ray trace through Ta205 waveguide on thermally -
grown Si0 2 for a 7 cm path length . Scanning electron microscopy has been
employed to investigate the surface topology of waveguides in the trans-
ition region between a Ta2O5 overlay and a Corning 7059 waveguide . A
result is shown in Figure 6. The artifact in Section (a) was inten-
ti onally introduced to identi fy the feathered edge transition region .
High magnifi cation shows no identifiable surface topology . The lens

overlay has employed a Ta target and reactive A-O2 sputtering directed
downward. Inspection of ray traces through the various photographs con-
tained in the experimental section shows a wide vari ability of scattering.

In a few cases, dark streaks are apparent from some Mie scattering centers .
It is suggested that an inversion of the depositi on process should mini-
mi ze their presence.

The beam expansion lens system emp loys two positive refractors pro-
ducing invers ion and , therefore, the source radiation comes to a focus
in the waveguide . Thus far, no optical damage has been observed in Corn-
ing 7059 waveguide on thermally-oxidized silicon . This waveguide safely

handles at least 0.4xl06 watts /cm2 continuously with no apparent photo-

induced refraction effects such as appear in LiNbO 3.

22
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Figure 6 . Scanning Electron Micrograph of Luneburg Lens Surface: (a)

Transition Region (Edge), Magnifi cation 270X with Artificial
Artifact and Scan Outline , (b) Magnification 27,000X.

In conclusion , scattering, particular ly Mie , is an important charac-
teristic which must be suppressed for Ta205 and Corning 7059 waveguides to

be a viable competiti ve structure applicable to an integrated optical

Four ier trans form “chip ” . Experimenta l evidence shows that it is possible

to realize low-scattering- loss waveguides competitive with other thin film

approaches. The prob lem remaining is of consistent reproducibility over
large areas.
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B. MULTILAYER THIN-FILM WAVEGUIDES

To provide a basis for di rection of optical lenses formed in thin-film
waveguide , we will briefly summarize some of the more important properties
of bound modes in dielectri c waveguide~

4 In particular , we will consider
the four—layer structure illustra ted in Figure 7 . It consists of a sub-
strate having a refractive index of n4 and superstrate having a refractive
index of n1, each with an infinite extent with one or two thin films be-
tween which serve as the optical waveguides or as a waveguide with isolati on
layer. The planar structure considered also has infinite extent in y with

/

Overl ayer n 2 ~~~~~~~~~~~~~~~ /p’J’ t
Underlayer n 3 d 

x=O

Substrate fl 4 . :. . : ~~~~ ~~~~~~~ :~ :•~ -
“

V :• . 
•
. . ‘i : : .  

•
.~ .

Figure 7. Cross section of Asymmetrical Multi layer Planar Dielectric
Waveguide Showing Fourth Order Mode With Evanescent Field

optical propagati on in the z-di rection. For wave binding, it is necessary
that (n2 and/or n3) be greater than (n1 and n4). We will not consider the modes
bound to the substrat~a when it is of limited extent. The modes bound to this
type of structure may be either transverse electri c (TErn) or transverse mag-
neti c (Tt~,) of order m. A transverse field component bounded to both l ayers
(overl aymr and underla yer) i s i l l u s tra ted in F ig ure 7 , showing the fourth
order wi tt the evanescent field extending into the superstrate and substrate .

It is possible that the refractive index and the film thickness of these- l ayers

25
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be such that wave binding occurs only in that region which has the highest
index with an evanescent component in the other l ayers .

1. Dielectric Wave~u i de Modes

The transverse electric modes (TE) are the eigensolutions of the field

equation where the time varia ti on e~~t has been su pp ressed

+ + w~ 6(X)p0 Ey(x,z) = 0 (17)

subject to the followi ng boundary conditions: Ey -
~ 0 as x app roaches ±

and the tangential components of E and H are continuous across the boundaries.
The z dependence will be the same in all four regions for a given mode and

can be wr i tten as

e~~~m
2 

(18)

where m is the mode order. Add itionally 6 (x) can be expressed as fol lows

xzt

t>x>0

6(x) = 
2 (1 9)

n3 c~ O>x>-d

n4
2 6o

Applying the boundary conditions on E to the solutions of (17) the fields
in the four regions can be written as

E l - = Am e m (
~~

t) s i n ( h mt+
~m) Sin 1m e~~~m1 ( 20a)

E~~ = Am Sin (h mX+4 m) Sin 
~m e

_
~~mZ (20b)

= A m Si n ( .~p~X+y~) Sin 4’m e~~
B mZ 

. (20L)
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Em4 = ~~ ~q~ ( x+d) Sin ( _cd+ym) Sin 4’m e~~~mZ ( 20d)

where Am is a normalization constant , and 1
~m ’ 

h~, c~ 
and are the trans-

verse components of the propagation vector in regions 1 , 2, 3, 4 respec-

t ively. 
~m ’ h~, .ç~. ~ 

and 
~m 

are relate d by the fo l low i n g dis persion
equations

= 

~ m
2 

- k2 n 1
2)1”2 (2la)

V 

hm = (k 2 n2
2 

- 

~
2
m~

1”2 (2lb)

= (k 2 n3
2 

— 

~
2

m~~
’2 ( 2 l c )

= (8m
2 

- k2 n4
2)1”2 (2 l d )

Applica tion of the boundary conditions on H yields

tan(~~t + = 

~ m’~m (22)

tan = (~~/.4,,
) tan 

~m 
(23)

tan(-.e,.,1 d + ~m
) = £m /~~ 

(24)

These equations when combined lead to the following transcendental equation

~, tan (e,~ + tan~ ~!!‘_ ) + 
~~~~

_ tan (hmt + tan~ ~!_ )  = 0 (25)

The roots of this equation are the allowed va l ues of the propagation

constants .
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The transverse magneti c modes (TM) are the eigensolutions of the
field equation

12 2 1
+ 

~~~~~~ 
+ ~2 6 ( X )  p I Hy(x,z) = 0 (26)

L ~x aZ °j

The development of the TM modes is i dentical to that for the TE modes and
again the allowed values of the propagation constants are roots of a trans-
cendental equation, which is

~~ 
tan

~
e
~

i + tan~ [~4 & ] ) +

(27)

~~~~~~~

. tan(h t + tan 1 [~
2 

~a] )  
= o

2. Thin-Film Waveguide Dispersion Data

Tantalum pentoxide and Cornin g 7059 glass have been universall y employed
to form waveguides and lenses on thermally-grown SiO2 substrates because they
exhibit comparatively low scattering los s and may be deposi ted with reproducible
properties and thickness profiles . Therefore, the dispersion for each has been
calculated and the dispersion when combined to form refractive lens elements —

has also been calculated. Dispersion data is also presented for the multi -
l ayer structure when the field is trapped in 2fli~ 

the dense layer and when it

is trapped in both layers.

The sing le l ayer thin—f ilm waveguide dispersion of Ta2O5 structure on 7440 
—

glass is shown in Figure 8 for both TE and TM modes as a function of the
normalized film thickness. The thin-film waveguide dispersion of a Corning
7059 glass structure on an Si02 substrate is shown in Figure 9 for both TE
and TM modes as a function of the normalized thickness. The effective refractive

index approaches the bulk va l ue for thick films and approaches the substrate

for thin f ilms. Each of these thin-film waveguide modes exhibit a cutoff
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where 
~~~ 

= 1.5 3 for Fi gure 8 an d ne(m) = 1.47 for Figure 9 in a
dielectri c waveguide structure . Cutoff means the lack of wave binding to
the film. An asymmetri c dielectri c structure cutoff leads to refraction
in to the su bstrate.

The dispersion for a two-layer structure for only the transverse
electric modes is shown in Fi gure s 10 an d 11 where Ta205 is employed as
the overl ayer of variable thickness T and where the underlayer normalized
thickness is constant (kt = 2.37 rr)~wh i ch is equ i valent  to a 7059 la yer
hav i n g a thi ckness of 0.7 5 mi crons an d an opti cal wavelen gth of 0.63 microns.
Each of the di spers i on cu rves of F igure s 10 an d 11 exh i b it an i nflec ti on
representing the transition region where wave binding occurs to only the
dense overl ayer and where wave bindi ng occurs in both layers . Figure 11 is an

expansion of Figure 10 in the region where wave binding occurs in both
l ayers showing the effect of substrate refractive index.

The dispersion for a two-layer structure for only the transverse electric
;iodes where 7059 is employed as the overlayer of fixed thickness and where
the underlayer of Ta205 of variable thickness T is shown in Figure s 12 and
13 . The fixed thickness waveguide (kt = 2.37 Tr) is equivalent to a 7059
l ayer having a thickness of 0.75 microns for the optical wavelength of 0.63

microns. Each of the dispersion curves of Fi gures 12 and 13 again exhibit
an inflection representing the transition region where wave binding occurs
to only the dense underlayer and wave binding occurs in both l ayers. Figure
13 i s an expansion of Fi gure 12 i n the region where wave binding occurs in
both layers showing the effect of substrate refractive index for the same
three values of refractive index.

This dispersion data is suffi cient for design of homogeneous and inhonio-

geneous refrac tors , reflec tors an d geodesic lens systems. In genera l , onl y
transverse electric modes are employed in the lowest order to minimi ze loss.

Restriction to the TE mode is achieved by input coupling polarization . The

thickness of some lenses will permi t the presence of a multiplicity of mode

or ders , however , mos t transitions are suffi ci ently gradual to minimize
excitation of higher order modes. Location of the hi ghest index l ayer

adjacent to the substrate minimizes conversi on to the next higher order mode

which is odd . It is also possible to prohibit mode conversion by symmetry,
that is , by interleaving the denser film between two separate halves of

the waveguide .
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2.0 _
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m=l/ 

_ _

~ 1.8 
m = 2

Normalized Overlay Lens Thickness 2~ T/A

Superstra te n 1 = 1.0

Overla yer n 2 = 2.1 kT Lens

Underlayer n3 = 1.565 kt = 2.37.’~ (t = .75p @ A = .63ii) Wavegu ide

Substrate n4 = 1.47

Figure 10. Effective Refractive Index of Composite Structure as a
Funct ion  of Normal ized  Thickness  of the Dense Overl ay F i lm
(Lens) Where the Ov erlay Film Normalized Thickness kt =

2.37~ for TE Mo des Only
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Substrate n4 = 1.47, 1.497, 1.53

Figure 11. Expanded Scale of Figure 10 Showing the Effect of Three
Substrates for TE Modes Only

33

-

- 

_

~~~~~~~~~~~~~
.

-- - --—-~~~~~~-— - -V ------ -k-- ~~~~~~~ .~~~~~ - ,



- ~~~~~~~ V - 
- 

V -
~ ~ ~~~~~~~~~~~~~~~~~~~~~~~~~ - - - - -~~ - . 

- - 
- -

V-

TII~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

~~1.8 
-

~~~~~~~~ 
_ _ _ _ _  _ _ _ _ _  _ _ _ _ _

No rmalized Lens Thickness 2,~T/x

Superstrate n 1 = 1.0
Overlayer n 2 = 1 .565 kt = 2 .37~ (t = . 7 5 w  @ A = .63ji ) Waveguide

Underlayer n3 = 2 . 1 kT Lens

Substrate n4 = 1 4 7

F~~ure 12. Effective Re fractive index of Composite structure as
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kt = 2 . 3 7 r  for TE Modes Onl y
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F i gure 13 . Expanded Scale of Figure 12 Showing the Effect of Three
Substrates for TE Modes On ly
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The following section considers thin-film waveguide generalized

- 
Luneburg lenses having circular symetry requiring that the radial
refractive index profile follow a prescribed function to obtain a

- focus of the radiation . The following numerical procedure will

- utilize the above analysis in the computati ons to derive the overlay
waveguide-lens thickness such that it will satisfy the radial refractive
index dependents.
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C. INHOMOGENEOUS REFRACTIVE WAVEGU IDL LENS SYSTEMS

Conven ti onal opti cal lens systems emp loy homo geneous di elec tri c
and spherical surfaces in various combinations to correct aberrations.

In genera l , i nhomo geneous ma ter i als  are avo ided , particularly when

perturbations are randomly distributed. Generally, the perturbations

are weak except for certain processes applicable to surfaces . Lenses

requiring the large refractive inhomogeneities obey ing prescribed

func tions suc h as Maxwel l ’ s fish—eye36and t he Lune b u rg len s~have no t

been realized in the optical portion of the spectrum . Thin-film opti-

cal waveguide provides the opportun i ty to produce thin-film inhomo-

geneous dielectric sections using homogeneous ma terials by variation

of the film thickness.

1. “Classical ” Luneburg Lens 37

Luneburg lens is an inhomogeneous positive refraCtor with radial

symmetry which images a p lain wave front to a microscopic hemispherical
spot located on the opposite boundary of the refractcr. Interest in

the Lune~urg lens arises because of its 4- field of view and because

it is free of all aberrations except field curvature. For integrated

optics , its simplicity of fabrication in a thin -f ilm structure -ealized

reproducibly is an important attr ibute.35 The circular symmetry s of
particular interest where the substrate area is limited because folding

of the optical axis may use the same lens for severa i pur poses. T he
waveguide Luneburg lens has a further advantage that all refractive

index variations are cont~nuous , smooth and slow functions with respec t

to the opt ical wavelen gth . Mode conversion i n the lens i s su pp resse d by

the graded thickness profile and by symmetry .

A gene ralized Luneburg lens w i l l form a perfect geometr i c ima ge
of two given concentric circles on each other.38 The perfect focusing
property may be achieved in various regions. If one of the circles is

of i n f i n i te rad ius , the lens may be designed to focus on anothe r circle

ou tside of , at the boun dary, or inside of, the Luneburg lens. Lunebur g

found a soluti on for the refracti ve index function which had a conjugate
foci for two given points outside of the lens. The solution for a

p-ra ll el beam arra y wh i ch focuses on the opposite lens interface requires

37
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that  the refractive index n ( r ,m)

n(r ,m) = me~
m) ~~2 - (r/ r0)2 r < r0 (28)

where ne is the refractive index of the medium surroundin g and lens,

is the lens radius , and r is the radial coordinate for mode Cm).
The trajectory of rays through a “classic ” Lunebur g len s i s i l l u s tra ted
in Figure 14.

Figure 14. Ray Trajectory Through Luneburg Lens Where f-Number = 0.5 , S= 1.

The technique of ray tracing through an inhomogeneous refractor is
delineated in Appendix E by Southwell entitled , “Inhomogeneous Optical
Wavegu ide Lens Analysis. ”

2. General i zed Luneburg Lenses
The “classic ” Luneburg lens has been generalized by riorgan

3t
develop-

ing a radial refractive index profile which will focus one circ le on

another in the region beyond the edge of the lens radi us r0. The
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Phase Refe rence
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F=r0, f=F/r0=l /2, S=l , cz=9O°

General ized

F>r , f>l/2, S 2 f >l , ~<9Q00 y ’

Ray Intercept

Figure 15. Ray Trace Geometry Through Luneburg Lens and Ray Trace
Intercept Plot.

increased focal length reduces the range of refractive index variation
required to form the lens. Extending the focus outside of the lens
region increases the f—number and thus the diffraction pattern width in
the focal region .

The geometry of a generalized Luneburg lens is depicted in Figure ’S

showing a perfect ray trace from which a ray intercept plot is developed
which is also included in the figure . In the following section , numer-

ous ray traces are calculated yielding the ray interce pt p lo t from whi ch
the phase wavefront has been derived followed by the calculated inten-

sity diffraction pattern . This procedure has provided the means to
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calculate generalized Luneburg lens performance starting from waveguide
thi ckness profiles wi th various functional errors to determine the
allowed tolerances as determined by degradation of the diffraction pat-
tern.

In the final report for the preceding program, “Opti cal Waveguide
Lenses I ‘~~“ the functional radial refractive index profile was developed
for the generalized case for the paraxial approximation for the regime
where the f-number was >1 .5. In this region , the radial refractive
index is given by

f.~/n_ (m) 2r 2 - r2n2(r,m) \
n(r,m) = 

~e
(m) exp e 

~~e (m
~ ’l ) 

. (29)

In the above equation , r is the radial coordinate from the lens center

along the waveguide surface, r0 is the radius of the lens region , r1= F an
is the effective refractive index for the waveguide mode (m) of

interest. Note that the above equation is not solved for n(r,m), but
n(r ,nl) is readily determined from Eq. (29) numerically as a functi on of r1
Using Eq. (29) , Figure 16 depicts the normalized effective refractive in-

dex profile as a function of the normalized lens radi us for several values

of f-numbers . It indicates that the transverse profile becomes more uni-

form having a l ower refractive index over a larger centra l region of the

lens as the focal length is increased. Figure 17 depicts the m inimum

required effective refractive index at the center of the lens rela tive

to its ambient waveguide effective refractive index as the lens focal

length is increased. For the c l a s s i c  L uneburg lens n(o,o) =‘,1~ , a

high index l ayer like Ta205 or Nb 205 is required on Corning 7059 for

F/D = 0.5. Generalized Luneburg lenses may be formed with these materials

us ing thinner films or using films wi th lower index an d t h i c k e r  la yers .

General ized Luneburg lenses have been realized using an “a l l ” 7059 th in
film when F/D>6. Lenses which are formed from a single composition by

chan ges of the la yer t h ic kness exhi b i t su bstan ti a l l y less scatter ing and

= furthe r suppress the excitation of higher orde r modes .

40

-- -V V -- - -V



rI!r.-V
~

.V.
~

V _-.

~ 

. . .

~~~~~

-.—-. . . .--—V-.VV : 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

1.45 -

1 .40 - -

1 .35 - -

1 .30

x
.
~~~

1.25

1.20

5-21.15 
—

S=3
1.10

S=5

1.05

1.0 - ‘ •
0.0 0.2 0.4 0.6 0.8 1.0

Norma l i zed Ra di us r/r0
Figure 16. Normalized Refractive Index Profile for Generalized Luneburg

Lenses for Various S-Parameters Listed by Morgan and Southwe ll
(f-Number — S/2).
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Nor mal i ze d Lune bu rg Lens Focal Len gth F/r0 S

Fi gure 17. Thin-F ilm Wavegu i de Luneburg Lens Design Requirement (the
Min imum Ratio of Re fractive In di ces at Center Per imeter
Versus Norma l i ze d Focal Len gth F/r0 = s)

3. Generalized Luneburg Lens Analytical Data
During this effort , the procedure to numerically evaluate the per-

formance of inhomogeneous lenses has developed in three stages . To
complement the experimental effort and provide constructiv e guidance
shaping the generalized Luneburg lens profile and to determine the
var i ous a llowe d tol erances , it has been necessary to develop pro-

cedures to ray trace through these lenses and to determine the re-

sulting diffraction pattern . It was deemed desirable that the pro-

cedure utilize either experimenta llj determined thin -n lm lens thickness
prof iles or ut ilize mathematical functions Je~or ipt i vt. of pr - file ~ ~~~~
coul u be altered to adjust the focal length and o adju st ~

- r~~d~~al

functional dependence so as to be re 1i t€~i to rna~k-~ emul uie i m r  ens
depositions. The firs t analyt i cal procedure ‘ r ray tracing ~h ~ =j~n

Lune burg lenses represented the -ad ial thic~- !e~- . orot ~ e by a -~eT ~m
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of stepped refractive index annull. Snell’ s law was applied at the
step between each annulus . It was found that 500-2000 annuli were necessary
to obtain ray traces which pi ctorially represent a classic Lunebur g lens

usin g the Hewlett-Packard 9830 computer wi th graphica l display . The
procedure proved to be relati vely slow with questiona ble accuracy for

the marginal rays.

A second method of ray tracin g through waveguide lenses was deve l oped

by Southwell and further refined yieldin g accurate results with consider-

able reduction of computational time in the H-P 9830 without exceeding

its capaci ty . The procedure was extended to determine the ray inter-
cepts from which the wavefront could be determined and , thus , the re-
sultin g intensity di ffraction pattern . Only this l atter p rocedure an d

its refinement will be delineated herein. Specifi c mathematical develop-

ment of the procedure is contained in Appendices E and F by W. H.

Southwell entitled, “Inhomogeneous Optical Waveguide Lens Anal ysis ,” and

“Index and Waveguide Thickness Profi l es for Genera l ized Luneburg Lenses. ”
The procedure is briefly sumarized here , followed by an ensemb le of
data. This d~ata illustrates how various Luneburg lens refracti ve in-

dex profiles and errors of same influence the diffraction patterns.
In several cases , the numerical ly devised results can be related to

the experimental results of the following section .

The Southwell procedure essentially traces the wavefron t normal by

way of a numer i cal so lu t ion  to the d i f fe ren t ia l  equat ion governin g the
fields because no closed—form solutions are available. Taylor series

expansions are used for both the wave vector and the ray-position vector.

Terms u p to the secon d an d th i rd  order are retained .  The ex pansion
deriva tives are thus ex pressed in terms of the ray path , curvature an d

rate of change of the curvature . The major factor saving computational

time results from a new extrapolati on algorithm. Basically, the tech-
ni que employs the well -known Richardson extrapolation except that the
hi gher order terms are included to account for changes due to curvature .

~s each i nc remen ta l ste p of the ray trace is taken , a test i s ta ken to
s~ e whether the new ray trace position wi l l  fall w i th i n the wave gui de
~~~~~~~~ -col on . If it does not , it becomes necessary to locate the pre- =

cise positio n of th~ boundary alon g the ray path. An i te ra t ive  tech-
nique , ~~ng Newton ’s method , was developed .
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To evaluate the accuracy of this ray trace algori thm prior to ex-
trapolation , a “classical ” Luneburg refractive index profile was used
to trace several errors. The results, using Southwell’s procedure and
an H—P 9830 computer, are shown in Figure 18. The cl assical profile
was chosen because it is known to produce perfect focusing at a point
on the opposite edge of the lens. The actual ray trace intercept
represents ray trace errors because the rays should intercept at zero.
The con~utat1onal time to trace rays through the l ens is inversely pro-
portional to the step size used in the expansion. A plot of this ray
intercept error vs step size is shown in Figure 4 of Appendix E.

For near di ffraction-limi ted optical systems, ray tracing does not
provide a direct comparison between the computer results and the measurements
which appear as diffraction patterns. An algorithm for deriving the pupil
function P(x,y) is:

P(x,y) = exp [.q2!~w(x,y)] (30)

where W ( x ,y) is the wave front error over the pupil coordinates x and y.
The purpose for obtaining the pupil function (30) is so that it may then

be Fourier transformed to provide the diffraction pattern in the specified
image plane. The theory for this pupi l function deri vation from ray trace
data is based upon solutions to “characteristic equations ” which are, in
turn, based upon the optical Eikonal Equati on .39 An intermediate curve-
fitting step is employed which tends to keep the n unter of rays to a
minimum. A plot of the phase error across the aperture as a wave front

traverses the classical Luneburg lens of Figure 14 is shown in Figure 18.

The presence of non-zero phase error for the “perfect” classical Luneburg
lens indicates the residual computational error in the algorithm. The
maximum computational phase error in Figure 18 is A/25. This residual error
is a funct ion of the computational time and may be made arbitrari ly small.

When the pupil funct ion has been eval uated , the di gital fast Four ier
transform is used to obta i n the di ffraction pattern . Figure 18 i s the
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Fi gure 18 . Wavefront Phase Error and Corresponding Intensity Di ffraction
~3ttern for Classic ” Geodesic Lens Ray Traced in Fi gure 14
for Perfect Radial Profile.
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Figure 19. Wavefront Phase Error and Corresponding Intensity Diffraction
Pattern for “Classic ” Geodesic Lens Ray Traced in Figure 14
for Perfect Radial Profile Where the Image Plane Has Been
Disp laced by.5j~ Yielding the Defocus Aberration .
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Figure 20. Wavefront Phase Error and Corresponding Intensity Diffraction
Pattern for “Class ic ’ Geodesic Lens Ray Traced in Figure 14
for Perfec t Radial  Prof i le  Where the Ima ge Plan e H as Been
Displaced by l.Op Yielding the Defocus Aberration .
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d;ffraction pattern for the “classi cal” Luneb urg l ens at the foc us
plotted on a logarithmic scale. The pattern Is identical to the
sinc 2 x functions (sin 2x/x 2) out to the fourth side lobe . The dif-
ference which results beyond the fourth side l obe is due to the pen -
odic nature of the discrete fast Fourier transform algori thm. The
difference from the ideal sinc diffraction pattern can likewise be
made arbitrarily smal l at the expense of increased computational time .

To introduce the defocus aberrati on in an othen.dse perfect system,
we move the image plane slightly away from the edge of the lens. The
results for two displaced image planes are shown in Figures 19 and 20
indicating the wave front phase error and the resulting defocused in-
tensity diffraction pattern . The results are as expected which indi-
cate that the wave front algorithm , starting from the ray trace, is
operational . Note the decrease in the central peak intensity and the
rise of side l obe imagery as the defocusing is increased. These re-
sults may be compared directly with experiments (see Fi gures 68 and 69)
and the microwave literature .4’

This numerical ray Lracing procedure , which allows determination
of the ray i nterce pts , the wave front phase error and the intensity

diffraction pattern , as ver ified for the classic Luneburg lens yield-

ing diffraction-limiting results , has been employed for various general-

ized Luneburg lenses .  F ir st, us ing Boyd ’s paraxia l results contained

in the preceding effort , ‘Op tical Waveguide Lenses I ,” A FAL TR76-54 ,
(Fi gure 3€), a best-fit simulation of Boyd ’ s data was obtained for a

aenera lizea Luneburg lens f—number 2. The lens thickness profile was

simulated by cosine °~~
8, COS0 211 and cos°~~

5 . Ray traces for each of

these simulations are ucoicted in Figure ~0 of ~opend ix E which suggests
t hat the c’of ile cos 0~

2 1 is a ~easonab1e ~~orese ntation ~‘iel din g a nood

foc us so f — r  as i t ~s oo~sib l~ to oetern~ne fr om ray traces. Thi 5 
-

b&st-f~ For usro -~~-~~r~li ze d Lurehur o i ens t h i ck oa ss  profile :cs -
~

w a s used as ~i r~e m~re co for to lerance ~~~~~ S - The rest ~ r - ~

or~ :es are dep -:red 10 ~~~ ure 21 , Secti on ( a ) .  T — ~ a f ~-iceS

Sec t io n (5~ of Fiu~ re 2 a~e 
•
~~~ V~ rOSU it of - ni fo - inc- --~~~e of

tb~ckness by 10 ie rcsnt  as rn~y ~=e obt ained by - nc- ~easi  in it oe -as

- ~ote t f a t . the — 
r c r ~~- - on th ic kne s s ~~~~~~ ts i n  S~~~Ui I -~~~

len- ~th co o the ons et - 

~~r~ ric 1 a he - r  o~ ioo hecau~e t -  - - -
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(a)

( b ) Thick Lens
Paraxial Focus

(c) Thick W aveguide

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Figure 21. Comparison of Computer Ray Tra ces for Lune bu rg ~~~ W ’th
f-Number of 2 for Refractive Index Profile Cos°-~ Where
(a) Thicknesses are Correct, (b) the Lens Thickness Has
Been Increased by 10 Percent and (c) Underlying Waveguide
Thickness Has Been Increased by 10 Percent.
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focus at even a shorter length . The ray traces depicted in Section (c)
of F ig u re 21 are the result of increasing the anbient waveguide thick-
ness by 10 percent wi thout al te ri n g the le ns th i ckness p ro fi le , i.e.,
Section (a). These ray traces for an increased waveguide thickness
show an i n c reased focal len gth and the onset of spheri cal aberration
by further increasing of the marginal ray focus. Thus , the performance
of th in-film Luneburg lenses is sensitive to the thickness of both the

lens and ambient waveguide . Errors of the deposition time will affect

the focal le ngth and the onset of aberrati ons.

Al thou gh the use of cos°~
2
~

’ prof i le  y iel ds a focuse d ray t race ,
this profile simulation is not sufficiently exact to obtain a well —

def ined d i ff ract i on pattern . Therefore , i t became necessa ry to de ri ve
more exact expressions for the refractive index profile of generalized

Lune bu rg lenses. We extended the work of Morgan38and Lunebu r g~wh i ch i s
fully delineated in Appendix F by Southwel l  ent i t led , “Index and Wave-
gui de Th i ckness Prof i les fo r Gener al i ze d Lunebur g Lenses . ” The normal-
i zed i ndex profile is given in terms of a transcendental equation

n/n0 
= exp[w(p,S)J, (31 )

where

w (p,5) = p 1 (1-p)~~
2 

+ p2(l-p)
312 

+ p3(1-p)
512 

+ p4(l-p)
712 

+ p5(l-c)
912

( 32)
where p=rn/r0n0 and where Morgan ’s parameter S=2f=2F/r0. Eq. (32) is
a parametric generalization of the data that has been tabulated in
Morgan and in Appendix F wi th several additio nal significant figures.
From these profiles , we generate the lens thickness profile in terms
of wave gu id e parameters del ineated i n Sect i on B.

Us i ng this  proce dure , a series of fi gures have been generated for

generalized Luneburg lenses having perfect and vari ous types of defective

profiles where the defects have been introduced as changes of the
parameter. Most of the data has been calculated for the s parameter value
of 2 and severa l cases for 3 and S where the lens f-number is 1/2 of S.

These fi gures depict the overlay waveguide thickness profile for a

standard set of wavegui de parameters . An over’ay le ns of Ta 205 having a

refractive index n 1 =2 .1 has been assumed for all cases. The waveguide
50
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effective refractive index has been assumed to be 1 .535 for a l l  cases
which can be derived from a Corn i ng 7059 th in  fi l m  n

~
=l.S65 hav ing a

thickness t=l.0665p using O.9iu radiation . The substrate , in  a l l  cases ,
is S i02 havin g a refractive index of n5=l.47 .

Ray traces for each lens waveguide thickness profi le is included
in the fi gures together w i th the ray i n terce p ts i n the i ma ge p lane
where the ray intercept i s define d in Fig ure 15. The ray trace inter-
cept u t i l i z e s  “x” marks corresponding to individual ray trace calcula-
tions to which a smooth curve has been fi tted for subsequent calculation .

Deviations from the abscissa represent the blur width in the image plane
correspondin g to the ray traces.

Together with each tabulation of generalized Luneburg lens parameters

incl uded in these figures is a companion set of figures containing wave
front phase error an d the corre spondin g in tens i ty  di ffraction pattern .

In certain cases , more than one wave front error and diffraction pattern

is included. These additional figures represent adjustment of the image

plane to ob tain a better focus by ins pecti on of the ray i nterce pt slo pe.

Fi gures 22 and 23 illustrate the case for a perfect generalized Lunebur g

lens S=2 showin g the overlay waveguide lens thickness profile , lens ray
traces , ray i nterce pts , wave front phase error , and corres pon d ing intensity

di ffraction pattern . Note that the intensit y diffraction pattern is the

expec ted sinc 2 x funct ion which is nearly identica~ to Fi gure 18 exce pt
for the residual computational errors. Figure 24 utilizes the parameters

in Fi gure 22 wi th  an in ten t iona l  sh i ft of the image p lane to depi ct the
effe ct of defocus i n g in the same manner as Fi gure 19. This fi gure is

include d because it is representative of one experimental result discussed

1 ate r.

The effect of altering the p parameters (pj~ .95p1, p~= .7p 2) so as to in-
crease the lens thickness in the central zone (1/3) and decrease the lens

thickness in the outer annular zone in the region of r/r0=2/3 is illustrated
in  F igure  2 5. This type of defective profile can arise from an incorrectly

shaped deposition mask. The wave front and corresponding diffraction pat-

tern are illustrated in Fi gure 26. This type of profi le defect is excessive
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- ... ~~~~~~~ Over’lay Waveguide Thickness Profile PERFECT GENERALIZED LUNEBURG LENS

~~0.2 - 
~~~~~~~~~~~~~~~~~~ S = 2 P1 = .2356878353

a) ~~~~~~~~ P2 = -.07475003583
- 

~~~~~~~~~~~~ P3 = 6.728944762xl0 3

P4 = -5.l4447054x10 3
- 
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~
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Lens Overlay Ta2O5 n1 = 2.1
Waveguide neff = 1.535

Corning 7059 n~ = 1.565 Ray Trace Intercepts
Thickness t.= 1.U665~z, A = O.9~ in Image Plane

Substrate Si02 n5 
= 1.47

Figure 22. Tabulation of Generalized Luneburg Lens Parameters wi th
Corresponding Overlay Waveguide Lens Thickness Radial Profile ,
Ray Traces through this Lens and the Intercept Error In the
Image Plane (Perfect Luneburg Lens).
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i-~qur’e 23. ~ave front rhase Error and Corresponding Intensity Diffraction
-at’orr fO V Generalized Luneburg Lens Delineated in Fi gure 22

S ’ ryfeot Lunebur g Lens).
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Figure 24. Wavefront Phase Error and Corresponding Intensity Di ffraction
Pattern for Generalized Luneburg Lens Delineated in Figu re 22
(Perfect Luneburg Lens) Where Defocusing Has Been Introduced
to Create a n/ 4 Phase Error Across the Aperture.
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because it destroys the focus. Inspection of the ray trace intercept
or wave front error suggests that stopping down the aperture to re-
move some marginal rays and refocusing will improve the diffraction
pattern . Figure 27 contains the same type of defective profile ,
however , wi th a much less distortion , (p~— .995p1, p~= .997p1). The same
characteristic wave front error shape is observed with a similar degra-
dation of the diffraction pattern, both of which are less than that
of Fi gure 26; however , of serious consequence . Therefore, the radial
weightin g is an important parameter to be determined by the deposi tion
mask.

The effects of another type of defect in the overl ay waveguide lens
thickness profile is shown in Figures 28 and 29 where the zone in the
region of r/r0=O .5 is excessively thick (p~=l.O4p 1, p~=1Op4). For this
case, the desired single -lobed diffracti on pattern at the focus is
completely destroyed. Note that stopping down the lens will remove some
marginal rays which contribute to the excessive blur width . Again , re-
ducing this type of distortion by altering the p parameters (p~=l.O0O4p 1,
p~=l .lp 1), similar wave front errors of lesser magnitude are observed
in Fi gure 30 while the princi pal l obe is somewhat restored. Again , the
radial weighting is an important parameter in determining the deposition
mask shape.

We will now consider the case of an accurately shaped profile where
the deposition time has been allowed to increase producing a uniform
radial percentage error, thus , the p parameters are (p~=l.02p1, p~=l.02p2,
p~=l.O2p3, and p

~
=l.O2p4). The resulting overlay waveguide thickness pro-

file lens ray traces and ray trace intercept are depicted in Figure 31
wi th the resulting wave front error and intensity diffraction pattern
depicted in Figure 32. The intensity d i f f r a c t ion pattern has been taken
in the same position as in the previous distorted cases. Inspection of
the ray trace intercept shows that the beam is defocused and, therefore ,
the ima ge plane should be shifted. The effect of a lesser degree of over-

lay waveguide lens thickness percentage error is shown in Figures 33 and 34

(p~=l.00O2p1, p~=l .OOO2p 2 , p~=l.00O2p3, and p~=l.OOO2p4). Again , the
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Figure 26. Wavefront Phase Error and Corresponding Intensity Di ffraction
Pattern for Generalized Luneburg Lens Delineated in Figure 25
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Figure 27~ Wavefron t Phase E rror and Correspondin : Intensity Di ffraction
Pattern for Generalized Luneburg Lens T-° lineated in Fi gure 25
(.9995 P,, .997 P2, — 1.0749 P5 ).
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same shape wave front phase error is observed wi th substantially less
dis tortion while the diffraction pattern is diffused and the principal

lobe i dentifi able. Inspection of the ray trace intercept shows that
the beam i s defocused and , therefore, the image p lane shoul d be shi fted.
Thi s  has been done for Fig ure 34 by reducin g the focal len gth 411. The
resulting refocused wave front phase error and d i f f r a c t i on pattern
correspond to the results of the i dealized profile as exemp l i fied i n
Fi gure 23.

Figures 31 th rough 34 are app l icable to lens thickness profiles

having un i form percentage increase or a un i form th i ckness decrease of

the underlying waveguide . The following fi ve figures are applicable to

overl ay wavegu ide thickness profiles having a uniform percentage less
than the perfect profile or due to the underly in g waveguide having an

excessive thickness. Fi gures 35 and 36 are applicable for the p parameters
(p~= .98p1, p~

= .9Sp
~
, p~=.98p3, and p~= .98p4). Note that the ray interce pt

and wave front phase error indicate the opposite effects to that in the

preceding four figures. Inspection of the ray intercept plot and wave
front phase error suggests movemen t of the ima ge plane to obtain re-
focusing. This has been done in Fi gure 37 by increasing the focal length
37S~~i. This refocusing has substantially reduced the quadratic wave front

distortion and defocusing to a somewhat excessive length leaving higher
order spat ial phase errors .

Reduction of the un i form di stortion in the same manner as before for
p parameters (p~= .9998p 1, p~= .9998p2, p~= .9998p 3, and pg~= .9998p 4) yields
the wave front error and di ffraction pattern shown in Figure 38. In-
spection of the ray intercept plot shows that the image p lane shoul d be
repositioned . This has been done and the result illustrate d in Fig ure 39
by increasing the focal length 4p. The result is , thus , i dentical to

the perfect profile shown in Figure 23 and the refocused profile shown

in Figure 34. Thus far, these resu lts indicate that the focal length
may be adjusted by alteri ng the waveguide thickness or the deposition
time through a mask having the shape capable of producing the correct

profile.
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Figure 28. Tabulation of Generalized Luneburg Lens Parameters with
Corresponding Overl ay Waveguide Lens Thickness Radial
Profile , Ray Traces throug h this Lens and the Intercept
Error in the Image Plane (1.04 P1, 10 P4 ,— 36.27 15 P5 ) .
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Figure 30. Wavefront Phase Error and Corresponding Intensity Diffraction
Pattern for Generalized Luneburg Lens Delineated in Figure 28
(1.0004 P1, 1.1 P4, .5752 P5).
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Another type of defecti ve profile considered emp loys a central
zone (1/2) of reduced thickness and an outer zone in the region of
r/r0—3/4 of increased thickness by lesser value is illustrated in
Figures 40 and 41 for the p parameters (p~=l .05p 1, p~=l.35p 1 ). This
type of distortion is similar to that of Figures 25 and 26, however ,
producing the opposite effects.

Similarly, Figures 42 and 43 having the opposite zonal distortion
to that of Figures 28 and 29 are illustrated in Figures 42 and 43
for the p parameters (p~

r .96p 1, p~=-1Op 4). Similarly, this type of
defect has been re duced us i n g the p parameter (p~=O.996p 1, p~=-l .lp 4)
which corresponds to the opposite effect of Figure 44, however , in
each of these cases , producing ill-defined single lobe diffraction
patter n . Thus , for each of the cases involving zonal distortions of
the ideal profile , severe aberrations occur which destroy the desired
single -lobed well—defined diffraction pattern inherent from perfect
profiles. All of the above data has pertained to a generalized Luneburg
lens with s=2 .

The overlay waveguide lens thickness profile , lens ray traces , ray
intercepts , wave front phase error, and intensity diffraction pattern
for a perfect generalized Luneburg lens having s=3 is depicted in
Fi gures 45 and 46. Similarly, for the perfect generalized Luneburg lens
having s=5, the results are depicted in Figure s 47 and 48. Introduction
of defects in these latter longer focal length lenses has not been exe-
cuted. However , the trends indi cated for the s=2 case ~hou 1d carry over.

Some of the diffraction patterns contain the note that an error may
be present due to the Fourier transform sampling. The transform as
implemented to derive these fi gures has utilized 64 “data ’ points to
economi ze the computational time . There fore , when the wavefront phase

error fluctuate s through wi de excurs i ons , the sampling error may distort
the diffraction pattern . This is not considere d a handicap because such
large phase errors do not usually produce a well -defined principle l obe
diffraction pattern . An improvement could be obtained with additional
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Overlay Waveguide Thickness Profile GENERALIZED LLJNEBURG LENS
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Figure 31 . tabulation of Generalized Luneb ii rc , Lens Parameters with
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Figure 32. Wavefront Phase Error and Corresponding Intensity Diffraction
Patte rn for Generalized Luneburg Lens Delineated in Fi gure 31
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Phase Error in Pu pi l Plane + ,~

GENERALIZED LUNEBURG LENS Aperture
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P5 = -9.8949752llx10 4 
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Di f f rac t ion  Pattern 0 dB
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Figure 33. Wavefront Phase Erro r and Corresponding Intensity Di ffraction
Patte rn for General i zed Lune bur q Lens Deline ated i n F i gu re 31
(1.0002 P1, 1. 0002 P2. 1.0002 P3, 1.0002 P4 ,  1 .0002 P5).
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Fi gure 34 . Wavefron t Phase Error and Corresponding Intensity Diffraction
Pattern for Generalized Luneburg Lens Delineated in Figure 31
(1.0002 P1. 1 .0002 P2, 1 .0002 P3, 1 .0002 P4, 1.0002 P5) ,
New Foca l Length -4~ .
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Overlay Waveguide Thickness Profile GENERALIZED LUNEBURG LENS

~ O.2 - Perfect Profile S = 2 P1 = .2309740786
0 - - ./
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Figure 35. Tabulati on of Generalized Luneburg Lens Parameters with
Corresponding Overl ay Waveguide Lens Thickness Ra d ial
Profile , Ray Traces through this Lens and the Intercept
Erro r in the Image Plane (.98 P1, .98 ~~ .98 ‘~~, .98 ~ A ,
.98 Pr). ‘
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F~gure 3€- . WIJ-,efront Phase Error and Corresponding Intensity Di ffraction
P-~ttern for Genera lized Luneburg Lens Delineated in Figure 35.

69

~~~~~~~ . ; .
V
. .:V .; Z.

V .

- —- - —~~~—— — -- — - — -V—------ ~~~~~—
-.-— 

~~~~~~~~~ --~~ - - -V -V-V—V ~~~~~ V _~~~V
----V - - - V— --~~——  ~~~~~~~~~~~~~~~~~~~~~~~~ -----V -V --



!PIU
~

V V V V V  — —-V V-V -V~_ ~~~~~~~~~~~ - _ -  ._ 
- -

~ - - -_ .- .~~~~~~~~~~~ T-V~
-V - - - _____

P hase Error i n Pu pi l P l a ne - +  ,~
a)

I U)
I0

C

15

+

Aperture

GENERALIZED LUNEBURG LENS

S = 2 P1 = .2309740786 -

= -.073255035

P3 = 6.594365867x10 3
- w12

P4 = -5.04l58ll29xlO~’

P5 = -9.695l3668xl0 4

- T

Refocused Diffract i on Pa ttern - 0 dB

0 5 10 15 Radians

Figure 31. Wavefront Phase Error and Corresponding Intensity Di ffraction
Pattern for Generalized Luneburg Lens Delineated in Figure 35
(.98 P1, .98 P21 .98 P3, .98 P4, .98 P5),New Focal Len gth +375~.i.
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Figure 38. Wavefront Phase Error and Corresponding Intensity Di ffraction
Pattern for General i zed Luneburg Lens Delineated in Figure 35
(.9998 P1, .9998 P21 .9998 P3, .9998 P41 .9998 P5).
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Fi gure 39. Wave front Phase Error and Corresponding Intensity Di ffraction
Pattern for Generalize d Luneburg Lens Delineated in Figure 35
(.9998 P1, .~~~ Y Y8 P2, .~ 998 P3, .9998 p41 .9998 P5 ),N~w Focal
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data points at the expense of additional computational time . It should
be remembered that these computati ons are based upon only 19 ray
traces through the lens and that the resulting transform computations
are based upon a curve-fit for these data points .

An error analysis of these lenses could be perfo rmed utilizing
established techni ques deri ving the optical transfer function or modula-
tion transfer function as currently utilized for characterizing the per-
formance of len s systems used with incoherent radiation . It woul d

require an extension to include consideration for coherent radiation ,
however , the above procedure is cons*dered more direct and exact

(within the computational time allowed) . It provides the intensity

diffraction pattern starting with thin— film waveguide radial profiles ,

each of which are experimentally determinable factors relating the

analysis with measured lens performance in its ultima te application ,

the opti cal Fourier transform “chip ” . The data presented has incor po-
rated various types of error perturbations in the ideal radial profile.

It has indicated the type of errors allowed and correctable by

refocusing and the errors which may be compensated by apodization or

limiting of the useful aperture . Some further effort is required to
more accuratel y refine the deposition process so that the radial wave-
gu ide thickness profile may be more closely matched to the ideal
profile, it should be remembered that this match must be sol ved by

each lens havin g different focal lengths.
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Figure 42. Tabulati on of Generalized Luneburg Lens Parameters with
Corresponding Overlay Waveguide Lens Thickness Radial
Profil e, Ray Traces through this Lens and the Intercept
Error in the Image Plane (.96 P1, P~, P3, — 10 P4, 48.6717 P5).
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Figure 43. Wavefront Phase Error and Corresponding Intensity Diffraction
Pattern for Generalized Luneburg Lens Delineated in Figure 42.
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FIgure 44. Wavefront Phase Error and Corresponding Intensity Di ffraction
Pattern for Generalized Luneburg Lens Delineated in Figure 42
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The above del ineated numerical analysis procedure computes ray
traces throug h a ci rcular symetric Inhomogeneous refractor pro-
viding the ray intercept, wave front phase error, and Intensity
diffracti on pattern for a single lens . The optical Fourier trans-

• form “ chi p ” requires a beam expander, lens system and a transform
• lens matching the source aperture and the signal input aperture to

be transformed. The computer program has been modified to Include
a second lens coupling rays through both lenses providing for magniti-

• cation . Ray traces through a beam expander of unity , X2 and X4
magnifi cati on, are depicted in Figure 49. It will be necessary to
add a third lens using the above procedures to ful ly synthesize the
opti cal Fourier transfo rm “chip. ” When this task is completed, It
will be possible to introduce defective waveguide lens profiles in
any of the three lenses. Thus far, all of the preceding numerical
analysis has assumed a uniform illuminated aperture which will pro-
duce the s inc2 x diffraction pattern. It wil l , however, be desirable
to include an apodization to improve the spatial distributi on of the
diffraction patte rn by suppressing side lobes which compromise the
system dynamic range and can lead to ambiguities .
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Figure 45. Tabulation of Generalized Luneburg Lens Parameters with
Corresponding Overlay Waveguide Lens Thickness Radial
Profile, Ray Traces through this Lens and the Intercept
Error in the Image Plane (Perfect Luneburg Lens).
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Figure 46. Wavefront Phase Error and Corresponding Intensity Di ffraction
Pattern for Generalized Luneburg Lens Del ineated in Figure 45
(Perfect Luneburg Lens).
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Overlay Wavegulde Thickness Profile PERFECT GENERALIZED LUNEBURG LENS
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Figure 47. Tabulation of Generalized Luneburg Lens Pirameterc ~.ithCorresponding Overlay Waveguide Lens Thickney Radial
Profile , Ray Traces through this Lens and the Inte rcept
Error in the Image Plane (Perfect Luneburg Lens) .
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Figure 48. Wavefront Phase Error and Corresponding Intensity Di ffraction
Pattern for Generalized Luneburg Lens Del i neated i n Fig ure 47
(Perfect Luneburg Lens).
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______ (c)

Figure 49. Computer-Generated (HP9830) Ray Traces Through Beam
Expansion System for (a) Unity Magnifi cation , (b)
X2 Magnifi cation , and (c) X4 Magnifi cation .
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4. Waveguide Generalized Luneburg Lenses and Lens Systems
Experimental Data

Two methods have been employed to characteri ze the performance of
thin-film waveguide Luneburg lenses and lens systems . One method ,
yielding quanti tative data , utilizes the lenses and waveguide with
input and output couplers and apparatus to probe , scan and record the
resulting diffraction pattern via a reirnaging technique using magnifi-
cation . These results are therefore a convolution of the coupling
pri sms, the waveguide , thin-film lenses , reimaging lens , and probe
aperture . When diffraction -limi ted results are require d, aberrations
of the associated apparatus become an important factor. The other
method has employed photography of the scattered wide-ang le radiation
associated with propagation through lossy waveguides. It readily
i dentifies defects through the propagation path which affect the
measured diffraction pattern . In general , good low-scattering wave-
guide is not observable in this manner without excessive exposure
time. Although numerous photographs are employed herein , it should
be remembered that their dynami c range is limited by sensitivity and
saturation to somewhat more than one order of magnitude . The use of
individual ray traces in these photographs has proven to be useful
for the i dentifi cation of multi ple niodes of propagation and for the
i dentification of scattering defects.

All the waveguide lenses reported herein have emp loyed Ta205 as
the highest refractive index material used for forming lenses. All
the waveguides have employed Corning 7059 glass on thermally-grown
S102 on Si as a substrate. Most of the lenses have utilized the
dense overlay. All the lenses have been depos i ted by an RF sputter
technique starting with metallic Ta and using a reactive process wi th
Ar-O2to form the deposition through a circular symetric mask with an
appropriately shaped aperture. A semi-cross-section of the mask ,
lens , waveguide , isolation l ayer and substrate are illustrated in
Figure 50. A conical shaped mask is usually employed . In general ,
the longer focal length lenses have employed thinner overlays with
masks having a reduced conical angle. The RF sputtering target is
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substantially larger than that of the mask aperture so that molecular
transfer occurs over wide angles . The pressure is controlled during
the deposition procedure so that diffusion occurs producing a smooth
surface topology . This effect is apparent in Figure 6.

The performance of two genera l ized Luneburg lenses utilized as an
invert ing beam expander is shown photographically in Fi gures 51 , 52, 53
and 54. It has been designed for a 3X expansion ratio and provides
an output aperture of 1 cm . The operation of the beam expander uti-

lizin g individua l ray traces traversing the expander from left to
right usin g 25 m W ~ O.63~

j is shown in Figure 51 , Section (a). Rays

traversing the individual lenses are clearl y evident in some portions

of the waveguide , while in other regions no scattering can be

observed. Unfortunately this beam expander has a serious scattering

defect in the substrate isolation l ayer near the focus (but not at the

focus). The smaller expansion lens exhibits considerabl y more scatter-
ing than is typica l, while in the latter it is m ore representative of

Ta205 thin-film overl ays. Some scatterin g is apparent from the wave -

gui de in the region of the input. This is due to a prior contact of a

prism coupler. Secti on (b) shows that th is region is more aggravated

by additi onal pri sm contacting in both the input and output regions.

The output aperture with throughput intensity is apparent from scat-

tered radiation at the edge of the silicon wafer reflected by black

paper. Section (b) of Figure 51 utilizes an input beam nearly filling

the expander lens aperture. The expander objecti ve shows two Newton

rin gs made apparent by interference of the scattered radiation . Some

dark streaks are also apparent in this lens which arises from the sub-

strate damage near the focal region .

Figure 52 illustrates the propagation of a single axial ray of the

same X3 beam expander , while Figure 53 illustrates the trajectory of
an offset ray through the same expander. Figures 52 and 53 have uti-

lized a substantial increase of exposure to shift the range of Figure

51 by another order of magnitude so as to accentuate defects . In
Fi gure 52, the scattering halo surroundin g a single ray through the
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Fi gure 50. Cross Section of Various Deposition Mask S~:~ipes Investigatedto Control the Waveguide Luneburg Lens Rac’ial Thickness
Profi le.

expander lens i s apparent. The throughput power sca tter from black
paper exiting the silicon wafer is also apparent. This photograph
shows that l ow-scatter loss 7059 waveguide is realizable.

Figure 53 shows the presence of mode convers i on which occurs in
the thicker expansion Luneburg lens and the lack of mode conversion

in the thinner objecti ve lens. Fractional mode conversion from 1E0
to TE 1 occurs at the expander lens entrance interface . The trajec-

• tory of these two modes separate in the expander lens , and the TE1
mode is converted again back to the TE0 mode at the exit interface
where it propagates through the remainder of the system as another
ray. The intervening waveguide will not support this second TE 1
mode. This mode conversion process does not occur in the objective
lens because of its thinner cross secti on . Mode conversion presum-
ably occurs in Figure 52, however carnot be observed because each of

the rays traverse the same path . The intensity of the ray due to
mode conversion is approximately -10 dB relative to the l owest order

mode. This mode conversion can further be reduced by using an under-
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Scatteri ng Near Focus Due to Substrate Damage

Focus Objective Scatter

Input Throughput
Output

Expansion Lens
Scatter Halo

Figure 52. Axial Ray of General i zed Luneburg Lens Beam Expander
(X3) of Fi gure 51 Showing Halo Scatter Around Expansion
Lens , Scatter From Surface Defect, and Scatter of Objective
and Throughput Intensity Output.

Low Loss Waveaulde Section

Mode Convers ion 1E0 Mode Ray

Input TE 1 Mode Ray

Figure 53. Operati on of Generalized Luneburg Lens Beam Expande r (X3)
Showing Scattering of a Single Ray Where Mode Conversion
Occurs in the Fi rs t Lens Produc ing Two Refrac ti on Angle s
and Mode Convers i on Occurs Aga i n Show ing Two Ray Traces
for the TE0 Mode Through the Remainder of the Expander
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Prism Coupler Si Wafer Edge
Hypoten use

Face

Output Beam
Intensity
Distribution

Figure 54. Output Beam Intensity Distribution From Generalized
Luneburg Lens Beam Expander (X3) Shown in Figure 51

layer lens instead of the overlay configuration or can be eliminated
by using the synhiietric interleave as illustrated in Figure 2.

The near-field , exit-field distribution from this X3 beam expan-

der is shown in Figure 54 by imaging the distribution in the prism
exit coupler.

A much lar ger expansion ratio is required for coupling of GaAs

lasers to the full aperture of the integrated optical Fourier trans-

form “chip ” to obtain a useful time-bandwidth-product. The plan view
of another generalized Lunebur g lens inverting expansion lens system

is shown in Figure 55 where the Newton ring in dicates the thickness

of the objective lens. Th~ expansion ratio is X90 for this desi gn.

An enlar gement of the expansion lens , also show ing the Newton rings ,
is shown in Fi gure 56. The diameter of this lens is 25Op and is

app rox i ma te ly four time s thicker than the objective . The Newton

rings are not perfectly symmetri cal, showing the effect of offset
during the deposition relative to the source ta rget. This type of
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Objective Expander Lens

_  

-

Figure 55. Macro Photograph of Luneburg Lens Beam Expansion System
(Plan View) Showing Newton Ring of the Objecti ve Thickness
Profile. Expansion Ratio 90X .

asyninetry when used off axis can introduce an odd aberrati on , whereas ,
on axis , wil l  yield an even aberrati on .

The operation of the 90X beam expander used with the output
app lied as individual rays on the objective producing beam compres-
sion is illus trated in Figures 57 and 58. These photographs have

been overexposed to bri ng out the individual ray traces through the
waveguide . Where scattering occurs , halos appear. In Figure 57
three rays have been employed which inte rsect with the expansion lens ,
wh ich is apparent and identified in the photograph of Figure 57. The
rays beyond the expansion lens rapi dly become diffuse because the

exit aperture of each ray is less than lOp, producing divergence by
diffracti on . The angular size of this beam is evidenced by the
throughput radiation scatteri ng from the edge of the Si wafer.

Figure 58 is i denti cal to that of Figure 57 except that the two addi-

tional marginal rays do not intersect the expansion beam and thus
trave rse the substrate and exit as indicated. These two rays do not
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Figure 56. Enlargement of the Expansion Luneburg Lens in Fig. 55
Showing Newton Rings Depicting the Radial Thickness
Profile (radial asynunetry due to off set during
deposition).

intersect the expansion lens because of an error in the lens thick-
ness profile causing spheri cal aberration for  this outer zone.

The operati om of the X90 generalized Luneburg beam expande r with
the input applied to the expansion lens traversing the system in an
opposite di recti on to that of Figures 57 and 58 is shown in Figure

59. Again it has been necessary to overexpose the film to depict the
ray trajectory through the expansion lens system . Scattering due to
applicati on of a prism coupler is evi dent in the output region .
Throughput through the beam expansion has been obscured by a black

screen showing the forward low angle scatte r from the objecti ve lens .
The output collimati on of the generalized Luneburg lens X9O beam
expander is shown in Figure 60. The exit beam from the output prism
coupler has been made visible by scanning white paper through the
beam longitudinally . The collimate d output bean~vi dth is 4mm.

Several X9O beam expanders have been fabri cated, demons trating that
the processing is suffi ciently under control to obtain collimati on
for each unit. This is achieved by control of the deposi tion time .
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Expande r Lens

Objective
• Scatter From

Substrate Edge

Throughput Input
Radiation

Figure 57. Indi vi dual Ray Traces Through Generalize d Luneburg Lens
Beam Expander (X90) Wi th Input Applied to Objective Pro-
ducing Conver gence on Ex pander Lens Show i ng Throughput
Scattered From Edge of Substrate .

Ex terio r ~ay Esca pe

Throughput -

Rad i ation - 

- 

Input

Figure 58. Ind ividual Ray Traces Through Generalized Luneburg Lens
Beam Expander (X90) With Input Applied to Objective Pro-
ducir i g Convergence on Expander Lens Showing Throughput
Scattered From Edge of Substrate With Two Additional Ray
Traces Wh i ch Do Not Impinge Upon the Small Expansion Lens.
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• Luneburg Lenses Scattering Due to Prior Coup ling Prism

OutDut Scatter
on Black Screen

Figure 59. Operation of Generalized Luneburg Lens Beam Expander (X90)
Shown in Figure 55 Using Ta~,O~ Lens Overl ays on Thermally-Grown Si02 on Si (Same as F1g~re 51).

eE
F

Figure 60. Generalized Luneburg Lens Beam Expander (x90) Wi th Prism
Output Coupler Showing Output Beam Collimation .
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I
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npu

Cleaved Edge

Fig ure 61. Ray Traces Through Generalized Luneburg Lens Hav i ng
Focal Length of 7.5cm Using Cleaved Retroreflectors.

Generalized Luneburg lenses wi th compara tively long focal length
are another type of requi reme nt. They have been demons tra ted by
using retroreflectors . The operation of one example is show n in
Figure 61 using three ray traces through the system . Again the photo-
graph has been overexposed to partially depict rays traversing the
Corning 7059 waveguide . The focus is obscured by the ligh t shield of
the input prism coupler. The exit lens interface has also been
obscured by scatteri ng from a prior prism contact. Each of the
reflectors employ total inte rnal reflectors using cleavage for their
formati on . The focal length of the lens depicted in Figure 61 is
approximately 7.5cm. Close inspecti on of the incident rays and exi t
rays from the retroreflector shows that they are not parallel ,
whereas the angle due to cleavage is exac tly 900 . Thi s nonparalle l-
ism is due to a 30 offset from the {lOO plane} in the Si substrate .

Another lens having a comparati vely long focal length beyond that
of the substra te dimensions is depicte d in Fi gure 62. This lens
shows the presence of a higher order mode and thus exhibits two foci.
Rays traversing the lens and exi ting the lens are of the TE0 mode .
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TE0 Mode Ray TE 1 Mode Ray Objective Lens

Scatter From
Prism Contact

Figure 62. Ray Traces Through Generalized Luneburg Lens Showing Halo
Scatter in the Lens Region and Mode Conversion Wi th Equal
Power in TE~ and TE~ Modes Providing a Focal Length of3.4cm and lOlcm , Re~pectively. (Selected San~le to Show Modes)

The power is di vi ded between TE0 and TE 1 modes approximately equally

at the lens entrance face. Mode conversion of the higher order

to the zero order occurs at the exit face. Suppression of mode con-

ve rsi on is accomplished by introducing symetry in the wavegui de as

exemplified in Figure 2. Inspection of the radial refractive-index

profile , Figure 16, and the corresponding radial thin-film overlay

thickness profile , Figures 22, 45 and 47, show the relati ve thickness

and thickness gradient at the edge of Luneburg lenses as the foca l

length is increased. Exploi ti ng syrmietry prevents the eAcitati on of

TE 1 modes . The interface discontinuity will excite high order modes .
Control of the th i ckness will prevent propagation of TE2 and higher

orders . In general the sharp transitions are not realized experimen-

tally (see Figure 42, ~FAL TR-76-54). The photograph nf Fi gure 62

also shows resi -Jual scratches due to prior contact~ng ~f prism

couplers .
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Quanti tative diffracti on data for a series of generalized
Luneburg lenses will follow comparing the measured diffraction pat-
tern with the illumination functi on and with the mask shape employed
to form the lens .* Figures 63 and 64 depict measured di ffracti on pat-
terms for a generalized Luneburg lens having a foca l length of 4 .5cm
using unifo rm illuminati on which will produce the sinc2x function .
The input bean~ idth W has been varied in the range 7.5 to 1.0 for the
sequence of FIgures 63 and 64. The measured beamwidth in mi c rons at
the 5 dB point is indi cate d on each di ffracti on patte rn with the cal-
culate d beamwi dth enclosed in parenthesis for each of the input ape r-
tures . For the largest illumination width, W=7.5nr, the rati o of
measured beanividth to calculated beanwidth is 2.6 , decreasing to 1.95
for W= 5nun, 1.63 for W=4nin, 1.25 for W=3m, 0.9 for W=2nin and 0.6 for
W 1m. Inspecti on of this sequence and the gradual reduction of
near-in sidelobes shows that as the illumination aperture is reduced,
the magnitude of the aberra tion is reduced. The measured results
indicating that the diffracti on patte rn width is less than the calcu-
lated va lue should not be disturbing because it only indicates that
the waveguide lens is in the far field of the input aperture iri s and
that the true illuminati on functi on is not unifo rm but is developing
a distribution resembling the sinc x functi on. One may conclude that
the lens is operating near the diffraction limi t for an input aper-
ture of 3m.

Each of the diffracti on patterns in the sequence shown in Figures

63 and 64 shows an asymetry of the side lobes which - is due to leakage

around the fiber probe employed to scan the diffraction pattern ..
Inspecti on of the diffracti on patterns for W=5,4 and 3mm shows a con-
sistent repetition of the side lobes with increasing null depth as the
aperture is decreased. This is due to a decreasing spheri cal aberra-

tion as the lens is stopped down . Reversal of this trend appears in

the diffraction pattern for W=7.5m which suggests a higher order

even di stortion of the quadrati c phase error. These data suggest
that the Luneburg lens thickness is excessive in the 3-5mm zone and

that the thi ckness may be deficient in the zone beyond 5mm . This

* See page 108 for experimenta l method
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data should be compared wi th the calculated results illus trated in
Figure 25 wi th the reduced perturbati on of Figure 27 containing the
wavefront and di ffraction pattern. The accentuated ray trace is
depicted in Figure 25. The experimental results fall be tween the
distorted patte rn of Figure 27 and that for a di ffraction-limi ted
beam. The conical mask parame ters enumerated in Figures 63 and 64
are i denti fied in Figure 50.

The data for some lenses presented herein shows asymmetry. It
is , in part, due to an offset created during the deposi ti on process
as exempl ified in Figure 56.

Figures 65 and 66 show the di ffracti on patterns for three general-
ize d Luneburg lenses having a longer focal length employing three
di fferent mask shapes (See Figure 50). The data for Figure 65 has
utilized a Gaussian beam (W=2.4 mm @ 8.6 dB) whereas the data for
Figure 66 has used a unifo rm beam (W=6 m). Secti on (a) of Figures
65 and 66 has employed the same convex mask cross secti on of Fi gure 50.
Di ffraction patterns in Section (b), Figures 65 and 66 , correspond to
the use of a conical mask . Diffraction patterns of Section (c),
Figures 65 and 66 , are due to the concave mask edge shape . The data

of Figure 65 using the Gaussian beam input should not exhibit side
lobes except that due to truncation . It does indicate a promising
result that the side lobes can be suppressed into the 25 dB range

and beyond.

Di ffracti on patterns showing the gross effect of mask thickness are
depicted in Figure 67 for three values with cylindri cal and conical shapes .
A Gaussian illuminati on functi on has been employed. A change of mask
thickness produces a shadow effect from the depositi on target and controls

the rate of decay of the radial thickness profile in the manner in wh ich
these errors build up in the vicinity of the pri mary lobe . In general ,
the profile reported by Zernike35approaches very closely that required for
a classic Luneburg lens . As the focal length is increased , the thickness -

•

of the film is reduced and the cone is opened up toward a cylinder and
beyond.
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Figure 68. Generalized Luneburg Lens Diffraction Patte’n (S~~e as
F igure  66, Section (b), Except ~Q r the U~e -~~~ Pei~iagin -~
Sy s te~n~ , Focal Length FrlO cm , Ur~ifor r’ I11L n in ati o n ~~ mrr .

The generalized Luneb urg lenses depict ed in Figures ~4, €~ - , €•i an~
67 have comparatively long focal lengths , ~orre of I~r i rh ~ - t ~ be j or d

the substrate . For these lenses , an cptic al fiber probe has b— er

employed to directly scan the diffraction pattern , rather than em-
ploying the re—imaging system described in the followi nq section.
The diffraction pattern , Figure 68, is the same as the pattern de~- i c - ~
in Figure 66, Section (b), except that it has been reme~sured using

a re-ima ging system. The results depicted in Figure 68 were obtained
using a Zeiss metallographic (long workinq distance) 40X objective .

This refractive microscope objective is known to he ne ar_ d l ffr a c 1 i on

l i m i b ~d . For this ic-nj focai length lens on a substrate c-f u ni ted

dimension , it oas necessary to position the p rism couple r rear the

lens so that the focal point is outside of ~he tin - film wav ogui Je

and prism coupling reg ion . The measure d beam wi .ft h is approxim~t. l y

1.6 greater than the ca l culated diff raction limi ted beam -~~i d 1-e u c in g
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a nearly unifo rm aperture illuminations 6 mm wide . The side lobe
level is at 8 dB instead of the 13 dB for uniform illuminat ion and

is symetrical. From this side lobe level and the null depth , it
can be inferred that some spheri cal aberration is present and that

the wavefront phase error is approximately ir/ 2. Symmetry of the
diffraction pattern indicates the lack of a cubic phase error (coma).

The diffraction pattern of a generalized Luneburg lens with a
substantially larger numerical aperture is shown in Figure 69. The
lens has employed a Ta205 overlay on BaO—rich 7059 waveguide on 7059.
The lens f/number is 1.07 , howeve r, it is illuminated so as to operate
wi th an f/number of 2.4 in Section (a) and 4.8 in Section (b) . A
large diameter Gaussian beam is employed with an iris as a source so
that the smaller beam is approximately un i form, while the larger beam
approxima tes the cosine . This diffraction pattern was measured using

the re-imaging system described in the following section where the

properties of the re-imaging lenses are illustrated. The measured

beam width is 5 microns 8 3 dB for both diffracti on patterns. The

calculated beam width is 1.8 and 3 microns, whereas the rati o, measured
to calculated beam widths , is 2.7 and 1.6, respectively.

The inferior performance measured in Figure 69 , particularly the
former (a), is in part due to several causes. First , the prism

coupler Introduces a significant spheri cal aberration and second ,
the measured tesults are the convol ution of the thin-film
lens performance and the re-imaging lens performance , which for this
case , are comparable. Further , these resul ts should be compared with
the calculated diffraction patterns of Figure 24 or Figure 33 wi th a
larger spherical aberration due to defocusing and its correction in
Figure 34 by the slight shift of the focal position or its inverse phase

— distortion depicted in Figure 38 and its refocused diffracti on pattern

in Figure 39. These results show that small focused spots are realizable ,
however , improvements of thin-film lens performance and/or re-imaging
lens performance , together wi th suppression of the spherical aberration
introduced by the prism (using an aplanatic hypotenuse), is required

L 

to more nearly achieve diffraction limited performance.

105

- _ ; — - *



—-—--- ----—- ---‘-—-------—‘—--—- 

~~~~~ 
— - - — — - - -•-— _ --•— _•-- •- -—•• • • — • - - ——--~

—--
~
———---—-—---— -_— -::---:— - ~~~~~~~_ 

0 

— 5.0 k  @ 3dB

5.7~ @ 3 d B

__ -10
03

~20~~~~~~~~~~~~~~~~~~~
/

Figure 69. Generalized Luneburg Lens Di ffraction Pattern , Ta20Lens-on-BaO-rich 7059-on-7059, Lens Diameter 11.2
Focal Length 12 mm , Using (a) Cosine Illuminated 5 mm
Aperture and (b) 2.5 mm Irised Section of (a) Approximate ly
Uniform).
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The fact that the side lobe level and its decay on the left side
of the di ffraction pattern in Figure 69 is substantially diffe rent is
due to the fact that the input beam, when extended in width , encompasses
a visible scattering center. The fact that the wide lobe period and the
primary lobe width are substantially identica l in both patte rns when
the aperture is increased, strongly suggests that the measured
diffraction pattern is domi nated by the re-imaging lens performance,
rather than being determined by the Luneburg lens performance . (See
Figure 72).
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5. Qptical Waveguide Lens Characterization

The performance of conventional optical elements Is determined
by vari ous procedures such as measurement of the diffracti on pattern
for an accurately known source or by measurement of modulation

- . . . 4142transfer function for periodic sources having vari able period.’ In
each case , access to the image plane is required for probing of the
field intensity in the image plane . For optical wavegu lde lenses ,
this technique is not practical because the lens is immersed in an
ambient dielectric waveguide .

When the ambient dielectric waveguide exhibits uniform scatter-
ing it is possible to observe the field distribution spatially
through the scattering mechanism. However , in general the lens
and waveguide which exhibit sufficient scattering for this type of
observation also represents an unsatisfactory lens for use in an
optical Fourier transform.

The technique employed herein has utilized a re-imaging proce-
dure which is illustra ted in the schemati c of Figure 70. Prism
couplers are employed to l aunch beams within the thin-film wave-
guide , which traverse the lens under investigation utilizing another
pri sm coupler to extract the field which is relayed and re-imaged
wi th magnifi cation where it is possible to probe the field distribu-
tion in this latter plane . An optical fiber probe has been employed
wi th its entrance face metalized which contains a thin slit. The
fiber probe is mechanically scanned in any of the three major axes
providing a signal to drive a recorder, while the optical signal is
detected, amplified and compressed to give a logari thmi c scale for
the recorder. All experimental di ffraction patterns reproduced
herein have been measured -in this manner. The physical apparatus
showing the laser source, collimation opti cs, waveguide assembly with
pri sm couplers , re-imaging l ens, mechanically scanned fiber probe and
recorder are depicted in Figure 71.
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Figure 71. Photograph of Apparatus for Measurement of Thin-Film
Waveguide Lenses Using Fiber Probe of Re—imaging Beam

The measured re-image intensity distribution is the convolution
of all optical elements in series and thus the measured distribution

is that of the “poorest” opti cal element including the sum of all
aberra tions. There fore , characterization of thin-film wavegu ide
opti cal elements requi res that the additional elements exhibit near
di ffraction-limi ted performance.

Non-uniform coupling across the pri sms in both the input and
output  cont r ibute  to degradation of the observed diffraction pat-
terns. It was found that the prism couplers require an extremely
sharp edge without chips at the right angle corner and that the
faces must be flat. The pri sm coupler with flat faces in the region
of the convergent or divergent beam causes spherical aberration. To

eliminate this effect, some aplanatic prisms were fabricated and are to
be employed In the focal region . These prisms have spherical hypotenuse
surfaces with the center of radius located at the right angle corner .

The performance of the re-imaging lens enters into the observed
distribution through the convolution integra l . Two types of re-
Imagi ng lenses were employed without specificall y acquiring the unit
which would exhibit diffraction-limited performance. These lenses
are (a) Spectra-Physics Model 333 ObjectIve, focal length 86mm and
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f-number 3.5 , and (b) Wollensak Oscillo-Raptar , focal length 75mm
and f-number 1.9. Using a 1~ diameter pinhole and 6328 ~ radiation ,
the measured transverse field intensity d istribution is shown in

Figure 72 for several cross sections in a region of the focus. Cross
sections before and afte r focal region are included. The re-imaged
pinhole should yield theoretically diffraction patterns identical to
that of Fi gures 23, 46, and 48, except for the scale factor due to
magnifi cation . The measured re-image diffraction patterns of the

pinhole fall short of the theoretical di ffraction pattern in several ways .
The nulls between the first sidelobe and the primary lobe are par-
tially filled in , and the level of the first sidelobe is slightl y
higher indicating the presence of spheri cal aberration in the
re-imaging lens. The more rapid decay of sidelobes and nearly
complete fill -in of nulls indicates the effect of scattering from
within the relay lens elements. Further, it is difficult to determine
the focus accurately without measuring numerous cross sections.

Inspecti on of the measured diffraction patterns through the depth
of field will show how the relay lens can affect the observed diffrac-
tion pattern of a thin— film waveguide lens. It is evident that more
precise measurements extending over a larger dynami c range with less
scattering is required to more accurately characterize waveguide
lenses which are required to achieve near diffraction-limi ted opera-
tion .

It is interesting to note the rate of side l obe decay in each of the
relay lenses which must be due to internal scattering between the various
lens elements. It will be necessary to reduce this effect substantially
so as not to contribute to the observed side lobes and scattering in
the thin— film lenses. At this juncture , the thin -film lens performance
is comparable to that of the relay lenses so far as wi de angle scattering
is concerned.
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Figure 72 Measured Transverse Beam Intensity Profiles in the
Region of the Focus for Two Types of Reimaging Lenses
on Both Sides of the Focus Using a 1 -Micron Diameter
Pin Hole and 6328 A Radiation (a) Spectra -Physics
Model 333 Objective , FL=86 mm , f~ 3, and (b) ~-~ollen sa kOscil lo— Rapta r FL=75 mm , f=l.9 .
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D. REFLECTORS FOR THIN-FILM WAVEGUIDE

An important consideration for the design of thin-film waveguide

optical systems is the requirement for reflectors so as to enable

folding of the optical system on a substrate of limi ted dimensions
and area. The reflector in the plane of the waveguide must function
efficiently and not give rise to the scattering or radiation losses.
An important consideration in the design of waveguide reflectors is
the angular range over which they functi on efficiently and the means
to achieve reflectivity at any angle of incidence . This section con-
siders reflectors forme d by cleavage in single-crystal substrates
that extend through the waveguide thin fi l ms.

Dielectri c waveguide reflectors which utilize sharp boundaries
are based upon the phenomena of total internal reflection , and there-
fore the angle of incidence is restricted. For 7059 waveguide the
angle of incidence must be greater than 39°. For lesser angles of
incidence it is necessary to metalize the boundary to obtain tota l
reflection. Aside from waveguide losses , the loss of reflectors
based upon total internal reflection or sing le metallic reflections
in the near infrared have proven to be insignifi cant, i.e., less than
0.3 dB.

The operation of a thin-film waveguide retro-reflector employing
total internal reflection is shown in Figure 73where the substrate
has utilized thermally-grown Si02 on (lO0} Si surface. Silicon
nominally cleaves on the {l1O} face. The retro-reflector illustra ted
in Figure 73 indicates a slight convergence of the return beam. This
is due to the fact that the Si wafer is offset -from the {lOO} plane
by approximately 3°. The first reflecti ve surface is perfect and the
scattered radiation indicates no loss upon reflection . The second
cleavage edge is imperfect, showing some wide—angle forward scatter-
ing. The reflected ray traverses a section of very low loss wave-
guide before intercepting scattering particles. Figure 74 illustra tes
the operation of a metalllzed cleaved reflector operating at near nor-

mal incidence . This reflector exhibits some wide an gle scatter.
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Cleaved Edge

Output —

~riput Coupl ing — -

Prism Masked

/— Cleaved Edge
Figure 73. Thin-Film Wavegu ide Retro-reflector Using Total Internal

Reflection Employing 7059 Waveguide on Thermally-Grown
SiO on { lOO} Si with Input Ray I n c i d e n t  on Near Perfect
Fir~t Cleaved Edge and with Imperfect Reflector at Secon d
Edge .

Alum inized Edge

Input

Output

Figure 74. Thin -F ilm Wavegu ide Reflector Emp l oying 7059 Waveguide
on Thermally -Grown SiO 9 on Si Using ~l lO I Cleav ed Edge
with Aluminization on ~dge Onl y.
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Fi gure 75. Scannin g Electron Microg raph of Cleaved Reflector Through
Ta 0 Overla y Luneburg Lens on Corning 7059 Wavegu id e on
Th~r~ally-Grown SiO2 Isolation Layer on Si Substrate :
(a) Untouched {l1O} face, (b) Intentionally etched (HF) to
delineate each of the oxide layers.

The perfection of the cleave d reflector surface through the s i ngle
crystal substra te and the polycrystalline thin films is illustra ted in

Fi gure 75. Section(a)is the native cleaved surface . Because the

vari ous layers are no t apparen t, an etch has been intentionally em-

ployed to delineate the oxide l ayers. The comb ined th i ckness of the
thermally-grown oxide and Corning 7059 waveguide is 1~i.

Rea sona bl.y perfect reflectors are obtained with lengths of several

cen t ime ters w i th conven ti onal meta llo graphi c techn iq ues when both se g-
men ts be i ng cleave d are of comparable d imens i ons. Near the edge of a
lar ge diameter wafer (>10 cm), some evidence of imperfection is apparent
p resumabl y due to the nature of the crystalline growth for the lar ger
diameters .
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E. OPTICAL WAVEGU IDE COUPLED PHOTODETECTOR ARRAYS

A portion of this Optical Wavequide Lens II program was carried
out in the Solid State Electronics Laboratory of the Department of
Electrical and Computer Engineering at the University of Cincinnati .
This effort concentrated on the investigation and fabrication of photo-
detector arrays integrated i nto the optical waveguide structure. Such
integrated structures minimize scattering occurring at the waveguide -
detector coupling so that the limitations on resolution and dynamic range
in integrated Fourier transform processing devices imposed by scattering
are minimal.

In the course of the program , several photodetector arrays with
carefully prepared tapers were fabricated at the University and delivered
to Rockwel l International for subsequent deposition of the waveguide and
lens and which were subsequentl y delivered to the Air Force Avionics
Laboratory . This program , in conjunction with another sponsored by the
Air Force Office of Scientific Research , demonstrated the first inte-
grated charge coup led device image array with an optical waveguide
structure. Some results of these combined efforts are contained in the
preprint and reprint , Appendices C and D, entitled , “Integrated Optical
Waveguide and Charge Coupled Device Image Array ” and “Linear Charge
Coupled Device Detector Array for Imaging Light Propagating in an Inte-
grated Thin -Film Optical Waveguide ,” respectively. The following sections
expand upon the work reported in the appendices avoiding dup lication and ,
therefore, should be read together:

1. Waveguide-Detector Coup ling

Waveguide -detector coupling is an important consideration for app li-

cations of the integrated structure to Fourier signal processing in that
efficient coupling maximizes detector signa l sensitivity and maximi ze
adjacent channel signal rejection. The latter property is due to the
fact that light which is not coupled from the waveguide into the detector
can be scattered into adjacent channels. For the devices fabricated
during this program (see Appendix C, Figure 2Cand Appendix D, Figure l D,
for example), the SiO 2 layer isolating the optical waveguide from the
silicon surface tapers to vanishing thickness in the detector region.

- 
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Light propagating in the optical waveguide is then multiply -refracted
into the detect or regio n .’5 As we note elsewhere in this report, mi ni-
mizing the array element center-to-center spacing allows the resolution
to be maximized . Such spacings are expected to be limited by lithography
considerations. On the other hand , the photodiode length along the dir-
ection of light propagation needs to be sufficiently long so that nearl y
all the light incident is multiply—refracted into the silicon substrate.
This length should not be long enough to require large aspect ratios
which would disrupt normal device processing. We determined this l ength

for the TE0 mode and plotted this optimum value of detector length as
a function of waveguide thickness d for a waveguide refractive index of
flg l.61 . This refractive index is characteristic of 7059 sp uttered glass
waveguides. The result of the calculation is shown in Figure 20 included
in the Appendix for x= .9 pm and .6 pm. The portions of the curves to the
left of the dotted vertical lines are the regions in which only a sing le
TE mode can exist. In the single mode regions , the optimum detector lengt h s
would allow fabrication of efficient photodiodes wi th reasonable aspect
rat ios and w ith center-to-center spacing s approaching photolithograp hic

limits. However , for multimode waveguides , the corresponding optinum
detector lengths become quite long . it is fortunate that , in many s iqn el
processing app licat ions suc h as s pectrum ana lys is , use of a single-mode
via- ~eroide is advantageous in view of other considerations . In Fourie r
optic al ~rocessing util i zir c j optical waveguide lenses , the integrated

- -~;u ide-detector array described herein is ut i l ized in focal plane
imaginq. :f L0 exceeds the depth of focus for such applications , then an

array cf channel waveguides wi th one pass ing direc t ly over each prot odic -d e
would be required to. preserve signal integrity .

2. Photodetector Array - - - 
-

The photodiode arrays fabricated in The University of Cincinnati Solid
State Electronics Laboratory and delivered to Roc kwel l Internati onal for

fu’-t~er processing are shown in Figure 76. Each flOO} oriented wafer cc-n-

ta~ ned approximately 8 suc h arrays along a l ine loca ted near the wafer edge.
Oser the remaining a rea cf the wafer , a t b ic~ layer of tber -ma i ly- -: rown Sifl -~
was ror ed (1 pm) sn as to erovide su fficie rs isolation c-f the waveruide
from the si l icon s ub ssra t r ~. An etched taper in the Si0 2 layer w a- c ~crve d
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(a) Plan View of Waveguide-Coupled Photodetector Array wi th Lead Fan-Out

(b) Luneourg Lens with Waveguide-Cou pled Photodetector Arrays

‘~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

—

~~~~~ ~~~~~
(c) Experimental Apparatus Emp l oyed to Demonstra te Operation of Luneburg

Lens Focus on Detector Array (Scattering of Lens Apparent)

Figure 76. Photographic Collage of Wavegu ide Coupled Photodetector
Array Showing (a) Plan View of Array Wi th Lead Fan-Out ,
(b) Array With Luneburg Lens , and (c) Apparatus Employed
to Demonstrate Operation of Luneburg Lens Focused on
Detector Arra y .
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approaching the photodiode regions to provide a gradual transition from
the thick layer of Si02 to a layer of van i sh i ng thickness i n the detec tor
region. This taper was formed by undercutting in which the HF etching
solution temperature and concentration were carefully controlled .

Each detector array contained 19 elements having a center—to-center
spacing of 32 pm. Of the 32 pm , the device width is 25 pm along wi th
7 pm of isolation . Preferentially-etched V-grooves were formed utilizing
KOH as the etchant between photodiodes to prevent leakage. The photo-
diodes were characterized by a uniform breakdown voltage of 120 volts at
10 pa. We expect that the use of the V-groove isolation would allow arrays
having devices of similar high quality to be fabricated having 1/2 of the
above center-to—center spacing . The arrays were processed using n type

substrates having a resistivity of 8 ohm-cm . The p diffusion of boron was
performed utilizing a boron ni tride source. Estimated concentration of the
p regions is 1016 cm. 3 In all , 5 mask steps were utilized in the fabri-
cation process. The photographic col l age of Figure 76 depicts the wave-
guide coup led photodetec tor array in Section (a) with its lead fan-out
contacts. The individual detector sections are apparent. The tapered
Si02 transition region coupling the waveguide to the detector is evi-
denced by Newton fringes. The macroscopic view in Section (b) indicates
the presence of a thin-film Luneburg lens positi oned to focus the beam
on the central detector array. Section (c) of Figure 76 indicates ap-
paratus for coupling of radiation into the waveguide optic section show-

in g the scattered transmission thriugh the lens sect ion wh i ch focuses
the radiation onto one photodetector array wi th leads attached to ex-

tract the si gnal .

3. Integrated Waveguide-Coup led Photodetector Arrays w it h Char ge Coup led
Readout

The integrated waveguide -charge coupled device detector array devices

have the structure shown in Figure 77. These detec tor arrays cons i s t of
an array of photodiodes formed in n-type silicon connected in parallel by

means of a ser ies of gates to a CCD shift regi ster. The char ge trans fer
portion of the device utilizes a two—phase , overlapping-gate structure

cons i s ti ng of one level of polys ilicon electrodes insulate d by an additi onal
layer of Si02 from a secon d level of overla ppi ng alum i num ele ctrodes~

3 One
CCD un it cell corresponds to each photodiode . Channel isolation is main-

tained through the series of gates by the presence of channel stopping n+
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(a)

Diode Contro lArray Gate

_________________________ Integ ration Transfer 
CCD

Gate Oxide Channe ’
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Integrat ion
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(c)
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H Integration Time

Finu~r 77. Ce)  Device Confi guration of the Integrated Optical Wavegui de-
CCD Detector Array

(b) Surface Potential Profile During Integrat ion and Transfer
Cycles

(c) Electrode Waveform s for the Control Gate (CG), the Charge
Integratio n Gate (CIG), the Transfer Gate (TG), and the
Phase 1 and Phase 2 Gates (+ 1 and
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regions. The detector array Integrates the optical signal incident on the
array of photodiodes as the potentials of the control and Integration gates
are adjusted,as Ind icated in Figure 77, so that charge excited by incident
light collects underneath the integration gate. At the end of the Inte-

grat ion period T, the transfer gate is turned on so that the collected
charge is transferred into the shift register. This charge transfer occurs
simultaneously for each array element and in a time less than 1/2 of the
CCD cl ock period. Once this charge has transferred into the shift register ,
the transfer gate Is turned off and the charge Is shifted along the
register to the end where a serial , discrete-time signal emerges
representing the spatial light distri bution.

The electronic drive circuitry for the CCD device of Figure 77
is shown In Figure 78. The two—phase clock generator is shown in
Figure 78-a. The device was normally operated with overlapping pulses
in the 100Khz frequency range. The frequency was determined by (R2+R3)C2,
while the overlap is determined by R1C1. The two-phase clock generator
is formed from a dual monostable multivibrator (MC14528) operating in a
fr°e—running escillator mode. The overlap of the two clock waveforms is
obtained by utilizing two D-type fl ip-flops (CD4O13A) in conjunction wi th
two NAND gates (CD4O11A). Two noninverting buffer amplifier stages (CD4050)

are also included . The presence of the variable resistors at the •l and

+2 terminals allow i ndependent adjustment of the DC levels. The circuitry
in Figure 78-b Is used to generate the charge integration gate (C1G) elec-
trical waveform and the transfer gate (TG) electrical waveform. The phase 1
clock voltage +1 is applied to two 7-stage binary counters (CD4O24AE) in
series which count the clock pulses. A 0-type flip-flop (CD4O1 3A) in con-
junc~-’ on wi th a NAND gate (CD4O11A) is used along wi th the counter to
generate a clock pulse after a specified number of clock cycles . This
pulse then, passes through an inverti ng buffer amplifier (CD4049A) to pro-
duce the transfer gate electrical waveform and through an additional in-
verting buffer amplifier to produce the i ntegration gate electrical wave--
form. The circu itry in Figure 78-c uses two single monostable multivibrators
(CD4047) to generate a train of several low—duty cycle rectangular pulses
for measurement of CCD transfer i nefficiency . These pulses are separated
by a clock period and are injected into the CCD serial Input gate (IG). The
tra i n of several pulses is followed by a long period In which no pulses are
generated. This pattern is then repeated periodically. Details of the
exper imental determi nat i on of tr~.nsfer inefficiency are given in Appendix C. --
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Figu re 78. (a) Circuitry for Generating Two-Phase Clock Volta9es ( .-
~~ 

and
(b) Ci rcuitry for Generating the Transfer Gate (TG) and Charge

Integration Gate (CIG) Electrode Waveform s
(c) Circ uitry for Generating Serial Input Gate (IG) Signal for

CCD Charge Transfer Effic iency Measurement
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A. CONCLUSIONS

The thi n- film waveguide positive inhomogeneous refractor i dentified
as the generalized Lune bur g lens has been investigated , calculating
the performance and demonstrating its operation with quantitative
measurement of its di ffraction patterns, together wi th its use as
a beam expander and its use with reflectors. The detailed considerations
have emphasized factors of interest for applicati on to an integrated
optica l Fourier transform “ch ip ° that may be emp l oyed as a real time
microwave spectrum analyzer. Consideration of the reflector has been
included as a means to fold the optical axis so as to employ a minimum
substrate area. An unusually large expansion ratio has been demon-
strated for appl i cation to the coupling of a GaAs laser to the ful l
aperture required of a Fourier transform lens. The effort has incl uded
the demonstration of waveguide coupled photodetector arrays for appli-
cation in the spatial frequency plane of the transform lens. The
photodetector array has also been demonstrated with a charge coupled
read out mechanization . This latter waveguide coupled photodetector
array and CCD effort has been performed by the Department of Electrica l
and Computer Engineering at the University of Cincinnati .

The approach has emphasized the application of Ta205 as the high
index lens film used together with Corning 7059 as a waveguide , all of
which are deposi ted upon thermally-grown Si02 as an isola tion layer

on a silicon substrate . This structure permits the inte gration of the

opti cal components with their electronic counterpart on a sing le
substrate . The problem of scattering and its effect upon the dynamic

range and the resolution of the Fourier transform has received consi-
derat i on which , in part , led to the choice of this preferred material -

structure because the thermally-grown oxide has yielded the smoothest

low scattering surface thus far i dentified upon wh i ch thin-film wave-

guide lenses and other associated integrated opti cal components can

be deposited.
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A numerical procedure has been developed to compute the performance
of thin-film waveguide generalized Luneburg lenses and lens systems.
Starting from the waveguide lens th i ckness profile determining the
ray traces, the ray trace through the inhomogeneous lens is determined
together wi th the ray intercept in the image plane. With this data ,
the wavefront phase error is determined and the resulting intensity
diffraction patte rn is calculated. The procedure allow s the introduc-
tion of various types of waveguide thickness profile errors to be
introduced and the calculati on of the effect upon the diffraction

pattern . i~umerous examp les have been included. Some of these computer
results correlate wi th experimental observations.

Luneburg lenses having F/D extending from 0.5 to 10 have been
fabricated. Some representative diffracti on pattern s characterizing
their performance have been included. Various shapes of deposition
masks have been employed to control the radial lens thickness profile.
Some representative data showing these effects upon the diffraction
pattern has been incl uded. Depending upon the aperture employed , the
performance of these lenses approach diffraction—limi ted operation
in varying degrees ranging from 2.5 wi th data at 1.6 and extending
down to near unity . Measured diffracti on spot widths approaching 5
microns has been achieved. The measured results , utilizing a re-imaging
technique , have shown that this performance is comparable to that of
the re-imaging lenses. The presence of the prism coupler normally intro-
duces spheri cal aberration into the measured results which can , however,
be eliminated.

Several beam expanders have been demonstrated showing that the lens mask
positi oning can yield a collimated beam reproducibly. Cleavage through
the substrate and overlaying fi lms can produce an interface of sufficient
perfection to implement total internal reflectors.

Waveguide coupling to photodetector arrays has been demonstrated.
The fabrication of lenses , which focus on these detectors accurately,
has been reproducibly demonstrated .
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In genera l , the focal length of Luneburg lenses is adjusted by
the lens radius and shaping of the lens conical mask together with
control of the lens thickness. Minor adjustments of the focal length
by control of the thickness have been demonstrated by way of the
numerica l analysis and by way of scaled experiments .

Substantial further improvement of these lenses should be possible ,
providing for their use wi th larger numerical apertures by matching
of the radial thin-film thickness profile more exactly to the required
computed thickness profile . Further effort reducing the scattering
of both the lens fi lms and waveguide films is requi red. Inversion
of the deposition process and an improved level of cleanliness is
essential . Some results attained thus far are equal to or exceed any
other films reported thus far. Reproducibility of these results is
required over a larger substrate area. Scattering of the lens film

must be reduced. Suppression of mode conversion must be incorporated.

~ieans to satisfy both of these requirements are suggested herein.

The beam expansion lens system will eventuall y require a spatial

fi l ter to im p rove the transverse mo de pur i ty.

Resul ts , thus far , based upon the use of thin -film Luneburg lenses

on a thermally—oxidized silicon substrate , provide one attracti ve

a pp roach to the im p lemen tation of an in tegra ted op t ical  Four i er trans-
form “chip ’ . This approach uses well known established manufacturing

processes and thus the chip can be imp l emented economi cally and in-

tegrated with its associated electronics .
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APPENDIX A

P,i~1 INTEGRATED 1~TI~~L fPPRC~G1 TO THE FOUR IEfl TRPI’1SFOF~1

0. B. Anderson , J. 1. Boyd , M. C . Hami l ton ,
and R. R. August

Abstract - A wi deband , real-time , spectrum analyzer is examined as a

viable integrated optical circuit for processing electronic signals.

The spectrum analyzer includes a Luneburg beam expansion lens system ,

a surface elas to—optic Bragg spatial modulator , reflectors , a Luneburg

Fourier transform lens , and a waveguide coupled photodetector array;

all formed on thermally-grown Si0 2 on Si as the substrate. A distributed-

feedback (GaAl)As laser wi th hybri d coupling is included as the

carrier for the opti cal Fourier transform . The developmental status

of this integrated optical spectrum analyzer and its essentia l design

considerations are delineated.
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I. INTRODUCTION

Coherent optical information processing employs diffracti on phenomena

as manifested by the optica l Fourier transform. It is admi rably suited to

execute linear analog operations such as matrix products, transforms and

related convolution or correlation integrations. Its development over a

score of years has been moti vated by the potential for large information

handling capaci ty [1,2]. This is achieved by data manipulation in a two-

dimensional image format processed in a parallel organization in contrast

to one-dimensional electronic signal processing which often employs a

serial organization .

Current equipment for opti cal information processing with large

time-bandw i dth-products is expensive and bulky . Some of the large infor-

mation handlin g capaci ty is compromised at the input or output interfa ces

when real-time operation is required. It require s precision related to

tne optical wavelength which , in turn , requires a mechan ical structure

w ith sufficient mass to obtain the necessary rigidity . Thus far , mini-

aturiza tion nas not ~ad a significant impact.

,c pp l ica t ion ot -~n inte~ r~ ted upt icS foy: ot to the Fourier transform

provides the ~oter tial for a signif i cant -i ~duction in size and we ght.

- e of si n~ le u~stra te cnu p lanar lit~-ograp h i c processes provides for

ri~ id optical a l i ~~~ ert. Planar batch fabrication processing can lead

to a sJoY~d rt ~al reducti on of cost. owever , op t ic al si gnal p rocessin g

in an integra ted optics t— r ma t is limited to a sing le transverse dimension .

For app l ic -~t ons involving signals as a function of time , such as RE

spectral anal ysis [3,4], th is one-dimensi onal characteri stic is of no

consequence . However , an integrated optica l approach to spectral analysis
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must compete wi th alternative technologies on the basis of cost and

performance . Some of these alternati ves include : a bank of narrow band

fi lters , digital transistor logic organized for the “fast” Fourier

transform, and the chirp-Z algorithm implemented with either charge-coupled

[5] or surface elastic wave [6] devices . Real-time operation with wi de

bandwidth approaching 1 GHz obtained on a single “chip ” is expected to

be the primary attri butes of an integrated optical approach to an RF

spectrum analyzer.

Some of the theory rel ated to the spectrum analyzer is developed

herein, together with an exposition of design considerations as related

to the whole “chip ”. Companion papers [7,8] delineating specifi c con-

siderations for the optical waveguide lenses and the waveguide coupled

detector array are included in this special issue .

II. THEORY OF OPERATION

The optical Fourier transform configuration considered herein is

illustrated in Fig. 1. It requires a coherent source (single transverse

and longitudinal mode) and an optical lens system to expand the beam

with a prescribed aperture distribution and width . The transform con-

figuration also empl oys a spatial modulator which Bragg diffracts the

optical radiation in linear proportion to the applied signal frequency

and amplitude. This diffracted radiation is collected by the Fourier

transform lens and emerges as a transverse spatial distribution which

is detected in the focal plane. Because the detectors respond to the

intensity spatial distribution in the transform plane , the resulting

electrical signal is a Wiener spectrum of the input signal .
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An integrated optical circuit l ayout to implement the RF spectrum

anal yzer on a sin g le substra te is depicted in Fig . 2 as rep resen ting

the schematic of Fi g. ‘I. I t includes a Luneburg beam expans i on lens

system , a surface elasto-optic Bragg diffraction modulator , reflectors ,

a Lunebury Fourier transform lens , and a wavegu ide—coupled photo detector

array; all arranged as thin-f ilm waveguides on thermally-grown SiO2 on

a coniiion Si substrate . A distributed -feedback (GaAl)As laser wi th hybrid

coupling to the waveguide is included to provide the optical carrier.

The optical axis could obviously be folded into other configurations.

Considerin g the optica l geometry shown in Fig. 1 as a planar

wave guide , the field amplitude E(y2) in the transform plane is rela ted

to the field amplitude in the input plane E(y0) according to [9]

• kN (m)y2
1 F

E(y2) = b
_( E(y0)e dy0 

, (1)

where y is in the waveguide surface perpendicular to the axis of wave

propagation (z axis) and the x axis is norma l to the waveguide surfa ce.

The x dependence of the field contains the form of the waveguide modes

and will be suppressed here for conciseness , however, its effect on Bragg

di ffraction has been incor porated [10]. In (1) F is the lens focal

length, Ne(m) is the th in-film waveguide mode effective refractive index ,

k = 2ir/A where x is the opt i cal wavelen g th , and b is a cons tant of p ro-

portionality . For a uniform plane wave over the input aperture D, the

s patial output has the familiar form:
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m / kN (m)
_ 0y 2 \

E0 (y2 ) = bD S i nc~ ) , (2)

where sinc x= sinx/x.  The half-w idth between nulls of this diffraction

pattern is

xf
-

which represents the smallest resolvable interval in the Fourier trans-

form plane .

The opt ical axis in Fig. 1 and the surface elastic wave propaga-

tion axis are oriented so as to sa ti sfy the Bra gg condit i on at the

si gnal center frequency . The z ax i s i n Fi g . 1 is thus at an an g le

wi th respect to the optical axis of the incident wave where 0B ~S

the Bragg angle defined ~‘s

xf
Sinu 8 = 

2N [m’)v ‘ (4)

where f
50 

is the signal center frequency and V r is the Ray le i gh wave

velocity. The interaction of the inc i dent optical wave and the surface

elastic wave has been treated elsewhere [10-13]. For operation of the

spectrum analyzer , it is necessary to closel y approximate the surface

elastic wave as consisting of uniformly-we i ghted p l ane wave components

within a diffraction angle 6~ and no components beyond o~ where ~ is

assume d sufficien tly large so that the elasto-optic bandwidth is limited
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by the transducer bandwidth [10]. Such a close approximation is possible

through the use of tilted transducer arrays [14,15]. It is reasonable

to assume the beam spread of the input optica l wave is much less than

5p .  For this case , the optical beam spread will not be signifi cantly

altered by the elasto-optic inte raction [16,18]. We further restrict

our attention to the Bragg regime so as to eliminate the possibility

of ambiguities caused by mul tiple scattering. Furthermore , as noted

by Giallorenzi and Milton [16], second-order multiple scattering is

avoided if k5 max < 2 k5 m m ’  where k5 mm and k5 max are the minimum

and maximum values of elasti c wave propagation constant k5 over the range

of the signal band.

Operation of the spectrum analyzer requires a linear relationship

between the diffracted field ampl i tude and the signal amplitude spectrum ,

which is achieved by limiting the surface elastic wave intensity so that

the input optical intensity is not signifi cantly depleted. Cumulati ve

and thus efficient energy transfer from the signal input to the diffracted

optical beam only occurs when momentum conservation is satisfied [19].

Restricting our attention to only the surface elastic wave angular com-

ponent which satisfies momentum conservation , the transverse electri c

field distribution in the Fourier transform plane E(y2) is given as.

2~ ,,~~-1 — -‘ ~ 
cos8~y

E(y2) = ab ff G(f
~
) w(y0)e 

Vr S SO

-~~~ -

~~~ (5)

kN~(m)y2
F y0e dy0 df5 .

132



-- -..
~~~~~~ 

- - - ‘: “-‘

In (5) f5 is signal frequency , G(f 5 ) is the Fourier transform of the input

signal g(t), y0 and y2 are transverse spatial coordinates as indicated

in Fig. 1, a is a collection of constants including the elasto—optic

diffraction efficiency and w(y 0) is a window function defi ned such that

~ o, IY~! < D/2
w (y0) (6)

= 0 , 1y0 1 > 0/2

We have chosen to evaluate the transform over the infinite interval and

include the effect of a finite beam by means of the window function [20].

Carry in g out the integration in (5) yields

— xfcoso
E(y 2 ) a] G(f5) ~ 2 

- N (mD df 5 
, (7)

where o~y2
) is the Four ier’ transform of the window function.

The expression (7) for the transverse field distribution in the transforn

plane is the usual result of performing a truncated Fourie r transform in

that it is a convolu ti on of the Four ier trans form of the input s~cin~ i ~nd

the Fourier transform of the win dow function . In the limi t of no trunca-

tic-n and uniform weightin 9 W(y2) approaches a delta function so that (7)

reduces to

ab v v N  (m)
E(y2) 

= cosoB 
G (f50 

+ 

~
fco se B 

y2) . (8)
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For no truncation the field E(y 2) is thus a direct mapping of the Fourier

transform of the input signal along the y2 axis with scale factor

(xfcose B)/Ne( m ) v r. In the case of finite trunca tion , the convolu tion (7)

will yield an accurate mapping of the Fourier transform of the input

signal if the spectral width of W(y2), gi ven by (3) for an optical plane

wave over the aperture 0, is much less than the in put signal spectra l

width , i.e.,

Dcoso
v 

B 
~f > > l (9)

r

For case of interest , 0B is of the order of a few degrees , cos e 0~l

and (9) reduces to

I af5 >> 1 (10)

where T = D/V r is the transit time of the surface elastic wave across the

optical aperture. Thus, the condition for neg li gible effects due to trun-

cation leads to the requirement that the time-bandwidth -product be much

greater than unity . Al though the convolution (7) of the signal transform

with the transform of the window functi on provides a spectra l estimate of

G(f5), an improved estimate can be achieved by weighting the signal win-

dow [20]. A uniform weighting function produces the sinc x distri b’jtion

for W(f5) which leads to a spectrum analyzer with fin ite adjacent-channel

response for a continuous single electronic signal input. A tapered

weighting function , however, will suppress the sidelobe of the sinc x
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function and Gaussian weighting will eliminate the sidelobes.

III. SPECTRUM ANALYZE R DESIGN CONSIDERATIONS

To examine the frequency resolution , consider an electron ic signal

frequency f5 departure from the si gnal center frequency by an amount

sf5. The corresponding di ffracted wave component departs from the z

axis by an angle 66, where

60 Ne(rn)Vr ~~ 
. (11)

For a wave propagating at this angle with respect to the z axis and having

constant amplitude within the aperture width 0, the resulting diffraction

pattern in the transform plane is given by (2) except for a disp lacement

of the position of the maximum , where

6y2 = fae

— f X  6f (12)

Using the Rayleigh criteria for resolution , the minimum frequency

diffe rence which can be resol ved occurs when 6y2 = ~y2, i.e.,

mm = = 1/I Uniform Weighting (13)

‘= 1.41/I Truncated Gaussian Weighting
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where the truncation wi dth is at the l/e value [21]. If Al’5 is the

electrical signal bandwidth , then the number of resolvable frequency

intervals N is given as

N = ______ = A f T  , (14)
S mm

Thus , as in other transform techniques , the number of resolvable frequency

intervals is the appropriate time-bandwidth-product.

Assuming an optical waveguide structure having a Rayleigh velocity

V r = 4 .2 km/ s , the time-bandwidth—product of a spectra l analyzer using

(14) is depicted in Fig. 3 for several values of transform aperture. Thus ,

for a lens aperture of 1.5 cm and a surface elastic wave transducer band-

width of 280 MHz yields a time-bandwidth-product of 1000.

For an optical wavelength of 0.9 ~m and an opt i cal waveguide

e ffective refractive index of 1.6 , the relationship of temporal frequency

resolution corresponding to the spatial interval in the transform lens

output frequency plane is depicted in Fig. 4, using (13). The limi ts

im posed by diffraction are also included in the figure for a lens aperture

of 1 and 2 cm as a frequency band determined by the exac t we ighti ng

function uti l ized. The spectrum analyzer frequency resolution for

several Fourier transform lens focal lengths is thus related to the photo-

detector array element spacing depicted in Fi g. 4. Thus , if the minimum

detector period is 6 ~m , due to photoli thogra phi c limit s for the detectors

and the require d frequency resolu ti on i s 0.5 MHz , the require d lens focal

length becomes greater than 8. 9 cm , which may be obtained w ith a lens
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diameter of 1 cm with a unifo rm weighting function. However, with

a truncated Gaussian , either a longer focal length or a reduced detector

period mus t be employed. If , on the other hand, the focal length is

reduced to 1 cm for the same temporal frequency resolution , the litho-

graphy requirements are increased; that is , the lithography art employed

must achieve a detector spacing of 0.7 um. This latter dimension is

currently considered impracti cal for a photodetector array . It is possible

to define an array of rectangular image line waveguides wi th this center-

to—center dimension , however, and use a waveguide fan-out array for

coupling between the focal pl ane and a detector array with a larger peri od.

This tradeoff between detector array lithographic resolution is dependent

upon the focal length employed and the ability to fold the optical axis

across the avajl’able spectrum analyzer substrate area, as indi cated by

the example in Fig. 2.

In the preceding analysis we assumed an ideal i zed plane wave optical

input . In practice the input optical wave would have both a finite beam

spread and a finite frequency linewidth. If we consider an input beam

spread ~, then Bragg diffracti on of the various input wave angular com-

ponents will occur for different surface elastic wave angular components

corresponding to a constant frequency f5. Such behavior could lead to a

compromise in frequency resolution of the spectrum analyzer unless

A � ó O min (15)

where 60 min is the diffracted wave angular change corresponding to the

137 

~~~~~~~~ 2__ ‘
~~~~_

- 



- - “ - ‘--“ -55--5~ -5~ -5-5-5’5- 5- — ———5-5--’— “-5 ~~~~~~~~~~~~~~~~~~~~~~ -‘ : ‘ - - __3 ,
_••=~~~~~=— 

~~~~ ~~~‘ -  ~~~~~~~~~ ‘ ‘ _  _
~

- -:-
~ i.I~~~~

minimum resolvable frequency 
~~ min Using (13) and (11) in (15), the

input optical beam spread will not compromise frequency resolution if

~ 
A of -— f4eCm)V r 5 mm

~ Fl~(fl1J D . (16)

Thus , the in put optical wave must be near diffraction -limi ted so as to

not degrade the temporal frequency resolution (13). This defines the

requirement on the beam expansion collima ti on and transform lens focal

length tolerances .

Now considering the effect of the optical wave finite frequency

linewi dth , the magnitude of k 1 and kd will change so that phase—matched

deflection will occur at different angles for a constant signal frequency .

A change in input laser frequency Aw~ will cause a chan ge in the output

di ffracte,~i angle ~o that can be expressed as

= 2 51n08 - (17)

Spectrum analyzer frequency resolution will not be compromised as long as

the above angular change is less than 00min ’ i.e.,

- - 
A — 

of5 mm 18— 

~ 2 Ne(m)DsinOB 
— fso~~ ‘ 

( )
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where AX is the linewidth in terms of wavelength . For x = .9 ~irn, Ne (rn) =

1.6, 0 = 1.0 cm, and = 5° we find AX = 2.5 A. Distributed-feedback

(DFB) or distributed Bragg reflection (DBR) GaAs semiconductor lasers

and gaseous lasers do exhibit lesser linewidth . The condition (18) and

(16) which place stringent requi rements on l aser frequency linewidth and

angular spread correspond to di ffraction limited operation . If the

spectrum analyzer resolution is instead limi ted by detector element center-

to-center spacing, then the above conditions may be reduced to the point

where

A < £/f (19a)

= < 2fsine~ 
(1gb )

In (19) £ corresponds to the detector array element center-to-center spacing.

Thus , for ~ = 25 urn and f 5 cm , the maximum values of AX and A which do

not compromi se resolution are increased from the previous example to

22.5 A and .5 mil liradians , respectively. The laser source emission wave—

length must also be stable to preserve calibrati on of the spectrum analyzer.

The emission wavelength of (GaAl )As DFB and DBR injection lasers is

stabilized by the internal grating.

The performance of the integrated optical spectrum analyzer will

be compromi sed by Rayleigh and/or Mie scattering originating in both

the waveguide and lens regions. Scattering will adversely affect both

frequency resolution and the dynami c range. Scattering will have a
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greater effect on the dynami c range, the degree of which remains to

be determined experimentally. The degree of Rayleigh and Mie scattering

is largely dependent upon materials and processing. The effects of

scattering are also position dependent along the opti cal axis. Analysis

of the scattering process has shown that , as long as the scattering loss is

not more than 1 dB/cm, frequency resoluti on will not be adversely

affected [22].

IV. SPECTRUM ANALYZER IMPLEf(NTAT ION

One form of an integrated optical spectrum analyzer is illustrated

in Fig. 2 where , with the excepti on of the laser source , all of the

components are combined on a single substrate. The surface of thermal ly-

grown Si02 is particularly useful because it has a low refractive index

and can yield an extremely smooth surface. Corning 7059 is a typical

low-loss, thin-film material appl i cable for use with the thermall y-

grown SiO2 as an isolation layer on Si as a substrate . Fig. 5 depicts

the calculate d waveguide absorption for Corning 7059 of several thick-

nesses as a function of the thermally—grown S102 isolation layer thickness

due to the waveguide evanescent field penetration into the silicon sub-

strate [23]. Use of silicon as a substrate has a further advantage that

a detector array and the associated signal processing electronic circuit

can be integrated into the same substrate [24].

The thin-film waveguide lenses shown are of the general Luneburg

class [25,26,7]. These lenses are circular syimmetrical and employ a

gradua l radial refractive index profile which minimizes interface scattering.

Fabrication is simple and reproducible [25]. When properl y des~gned , they
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are free of the spherical aberration , coma , however, obviously exhibit

circular field curvature. Fig. 6 illus trates a plan view of two Luneburg

lenses for use as a beam expander. An overlay of Ta2O5 on 7059 waveguide

on a 7440 substrate has been employed. The Newton rings in section (a)

of the figure indi cates the profile. Sections (b) and (c) indicate

separate ray traces through both lenses and around the circumfe rence

of the larger lens , respectively. Their f-number is F/D = 0. 5. Keeping

a constant radius and al tering the radial refractive index profile al l ows

the focal length to be increased.

Reflectors are necessary to fold the spectrum analyzer opti cal axis

so as to be contained within the available substrate area. One successful

technique to form reflectors for Corning 7059 waveguide on thermally—grown

S102—on-Si is by cleavage of the substrate along a {llO } face when normal

to the waveguide surface . Fig . 7 illustrates the operation of a retro-

reflector employing the above materials . Comparison of the scattering

loss between Figs. 7 and 6 dramaticall y demonstrates the merits of

waveguide formed on thermally -grown Si02.

The surface elas to—optic spatial modulator requires a piezoelectri c

to launch Ray lei gh waves. Zinc oxide has been successfully deposited by

RE sputtering [27] for various elastic wave devices [28,29] and has been

emp loyed to launch Raylei gh waves to demonstrate the surface elasto-optic

interaction on Si02 [30] and on GaAs [31]. Optimum piezoelectric coupling

is obtained by placing the inte rdig ital transducer array between the ZnO

and the waveguide with its substrate [32].

The di ffraction efficiency of several surface Bragg—type , elasto-

optic interactions is dep icted in Fig. 8 [33,10] as a function of the
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applied power in the elastic form . These experiments indicate the range

where linearity occurs . In the range where hi gh diffraction efficiency

occurs , a large signal analysis is required which wil l show a deviation

from the true t ransform . Use of the linear region pe rmi ts a grea ter

flexibility in the choice of waveguide material because a hi gh photo-

elastic constant is not essentj a l .  Th i s condition also relaxes the

requirement for minimum elec trical to elastic conversion efficiency ,

thus permitting the achievement of a wider band transducer design . One

im portant parameter infl uencing the spectrum analyzer design and time-

bandwidth- product is the elastic wave velocity of the multiple l ayered

structure in the elasto—o ptic inte raction region . Penunuri [34] has

calcula ted the velocity for Rayleigh and Love waves for the thermally-

grown Si02 on Si structure as a function of the frequency -overlay—film -

thickness product which is depicted in Fig. 9. The thickness film product

has units of velocity and for the regime of inter rst , yields a Rayleigh

velocity range of 4.0-4.5 km/sec. Propagation losses of this waveguide -

iso1atio~ -layer-substrate structure remain to be determined. Excessive

losses will alter the aperture weighting function and limi t the useful

aperture. However, the available data deri ved from similar del ay lines

suggests that these losses will not be serious. Wideban d elasto -opti c

interactions have been demonstrated using a multiple array of interdigital

transducers stagger—tuned and tilted to satisfy the Bragg condition . —

An elasto—opti c bandwidth of 358 MHz has been demonstrated using diffused

waveguide on y—cut LiNbO 3. Following the design principle of Tsai [14],

we have calculated the expected performance of a four element design
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depicted in Fig. 10. The calculated electronic — elastic convers i on loss of

a four transducer stagger-tuned and tilted array on thermally-grown Si02

with ~ ZnU overlay is indica ted . The mate ri al cons tants use d in the

calculation were extrapolated from the results of Hickerne ll [29]. A

series inductor for each of the transducers connected in parallel is

assumed. I f  performance equivalent to that depicted in Fig. 8 is achieved ,

a di ffraction efficiency of 4. is estimated with an input electrical power

of 100 mW at an optical wavelen gth of O .Y ~m. This diffraction effi-

ciency is near the upper lim it a~lowed for a spectrum analyzer.

The c ination of a thin-film Luneb urg lens deposited on a sub-

strate COflta ~ng an integrated waveguide-detector array is shown in

Fi g. 11. The lens has F = 1.2 cm and D = 1. 1 cm. The waveguide is

couple d to the photodetector junction by removing the thermall y-grown

Si02 isolation layer. Radi ation ‘rom the waveguide couples to the detectors

through the evanescent tield using a tape r in the Si02 transition region

[24]. The photodetectors in tne array are isolated by preferentially -

etched grooves. In an integrated opt ical spectrum analyzer it may be

desirable to prov i” 1e a seri al readou t of the s ig nal power density spec trum

conta ined in the photodetector array to minimize the interconnection

problem with a multiplicity of detectors . Serial readout can be easily

accomplished by coupling to a charge-coupled device [8].

A coherent source is required as the opti cal carrier for the spectrum

analyzer. A gas laser coupled via a prism or grating coupler is one solu--

tion ; however, a semi conductor laser di rectly coupled to the thin -film

waveguide is more comensurate wi th the integrated optical approach .

However, its emission must be stable in the lowest order mode and mus t have
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the requisite narrow linewidth . The distributed—feedback (GaA1 )As laser

appears to fulfill the requirements. The hybri d coupling provides for

independent evaluation , optimization and satisfaction of the heat sink

requirements for continuous wave operation . The parallel end—butt coupling

technique [35] appears to be an effective solution but requires an elaborate

alignment. An alternate approach , more amenable , is a traveling evanescent

side wall coupler. In such a coupler , a cleaved side wall parallel to

the laser stri pe axis and perpendicular to the junction exposes the laser

field to the optical waveguide. Efficient evanescent wave coupling can

then occur where the grating is formed on the thin— film waveguide contact

surface [36]. This evanescent field side wal l coupler excites the polari-

zation crossed to that of the parallel end-butt technique.

A Fabry-Perot type GaAs electron injection laser has been employed

to demonstrate side wall coupling to a Ga 3A1 7As thin -film waveguide

epitaxia lly grown on Al 203 substrate . Fig. 12 (a) is a macro photo graph

o f the laser ch ip mounte d between the heat sink and p ressed agains t the

wave guid e sur face , while Fig. 12(b) depicts the infra red emission from

the termination of ~ne waveguide and some scattering along the waveguide .

This cou pling arran geme nt has the advanta ge tha t the laser may ~e pos ’iti-Dned

and ali gned with res pec t to the s pa ti al fi lter an d opti cal ax i s of the

spectrum anal yzer configuration shown in Fig. 5.
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V. CONCLUSION S

From the analysis and experimental results thus far obtained , it is

concluded that a wideband , real-time spectrum analyzer is a viable appli-

cation of the integrated optics technology when based upon the thermal ly—

grown oxide on silicon substrate . Such a spectrum analyzer can function

in a time-frequency regime which is not readily avai l able through alter-

native technologies. Further experimental development is essential to

veri fy this conclusion. Use of silicon provides the potential for inte-

gration with associated interface electronics . Use of the integrated

opti cs format for signal spectrum analysis requi res the use of a stable

laser with narrow linewidth for the optical carrier , which can be best

fulfilled by a distributed-feedback (GaAl)As laser.
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Figure 6A. Thin-Film Luneburg Lenses Using Ta2O~ on Corning 7059-on-
7440 Glass: (a) plCn view of beam expansi on system showing
Newton rings indicating the radial tapered thickness pro-
file , (b) scatteripy of ray traces through beam expansion
system using 6328 A radiation , and (c) circumferential ray
trace around Luneburg lens.

Figure 7A. Cleaved Retroreflector Employing Corning 7059 Waveguide on
Thermally-Grown Si02-on-Si.
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APPB~DIX B

CO~ ARISON OF OPTI CAL WAVEGUIDE LEflS 1EGt~)LflGIES

0. B. Anderson , R. L. Davis , J. T. Boyd ,
and R. R. August

Abstract -- Various materials , lens structures , and processes are examined

relative to the lens requirements of an RF spectrum anal yzer implemented

through the use of an integrated optics format. Factors which distinguish

optical wavegu ide lenses and reflectors from conventional imaging lens

systems are enumerated. It is concluded that a thin -film Luneburg lens is

the most viable planar approach based upon the use of oxides and , when

high ref ract ive index materials must be employed , the spherical depressed

geodesic becomes a feasib le al ternate.
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I. INTRODUCTION

The application of an integrated optics approach to the Fourier trans

form signal processing function is bein a developed with the expectation of

-
~~~ realizing a wideband , real -time , com pac t, econom ic al spec trum ana l yzer as

functional component [1 ,2]. Coherent optical signal processing [3] requir

refractors and reflectors with near diffraction -limited performance which

compatible with planar technology . For compactness and wavelength stabi l i

a distributed-feedback electron injection laser is preferred , which dictat

the use of the near infrared . Economics , alignment stability , and small

siz e com pels the use of a s i ngle substrate which requires lenses of compa r
4~1-

tively small f-number and reflectors for folding of the optical axis so as

be contained within the available substrate area . An optic al spectrum

analyzer also includes a photodetector array , a signal inout spatial modu l

tor and associated electronics. These elements can best be “intecirated”

with ~~e optical lenses on a silicon substrate using the thermall y-grown

oxide for optical waveguide isolation.

The optical wavequide lens bibliography [4-10] is infinitesimal when

pared with that of conventional optical lenses and their microwave counter

parts . Lenses which conform to an integrated optics format exhibit variou

different degrees of freedom which are not available to conventional optic

lens designers but are similar to waveguide structures exploited in the

m icrowave antenna art [11 ,12]. Therefore , this paper will delineate the

distinguishing differences and will treat materials and process considcra-

tions and their relative compatibility with thin -film waveguide lens struc

tures.

~ --~~-~~~~ -- - —  I~ ~~~ 



II. OPTICAL WAVEGUIDE LENSES CONSIDERATIONS

For an integrated optical spect ri’--- u~i~~yzer , several additional considera-

tions dictate a preference for the near infrared aside from the characteristics

of GaAs lasers . The presence of Ray leigh scattering in thin - film optical wave-

guides and lenses directl y l imits the Fourier transform dynamic range. The

effective refractive index of optical waveguides is in part controlled by the

waveguide thin-film thickness. Ray l eig h scattering is reduced and waveguide

tolerances are relaxed by use of the longer wavelength red .

In the near infrared , a wide variety of waveguide material -structures have

been demonstrated which exhibit comparatively low loss [13 ,14]. They include :

(1 ) large band-gap I l l-V End I l —V I  semiconductors which exhibit large refrac-

t ive indices; (2) a family of oxides of intermediate refract ive index ; (3) a

famil y of g lasses of lower refract ive index ; and (4) a famil y of organics

having a refractive index sli ghtly greater than g lass substrates. Various

techni ques to prepare thin-f i lm waveguides inc lude: ( 1) homo- and hetero-

epitaxy , (2) RE-DC sputtering , (3) evaporation , (4) ion in- or out-di f fusion ,

(5 ) ion exchange , (6) ion implantation , and (7 ) nuclear bombardment. The

first three of these processes can lead to relat ively large , sharp refract ive

index discontinuit ies at the waveguide s u bstrate interface as determined by

material composit ion , whi le  the ta t ter  processes result in relat ively weak or

diffused d iscontinuit ies at the interface.

The 1osses exhibited by thin-f i lm waveguides in the red and near infra-

red are largely due either to the absorption “tail” of the electron band-gap

or to the scatter ing from inhomogeneous deposit ions and surface roughness.

In most oxide thin films , the latter is currently the dominant loss.

159



~~~~~~ : ~
-

--

- - ~
,±‘ :~~~~~ :~~ .:±~~~~~ - - - - _

The method of thin-film deposition , the state of the substrate , it s tem pera-

t u re , and the stoichiometry of the deposition have a dramatic control of the

losses . The substrate surface roug hness is of equal importance. For most

of the thin -film lenses and waveguides reported herein , Ta205 [15] is

employed as an overlay or under layer film for lenses , and Corning 7059 glass

[16] is employed as the planar ambient dielectric waveguide. A variety of

— glasses and substra te polishing techniques have been investigated with the

conclusion tha t thermall y-grown Si02 on Si yields the smoothest low-scattering

substrate surface. Other surface preparation techniques investigated include

rouge , super (wet), fire , and the chemo -mecha nical process [14].

An additional scattering loss occurs in wavequides bounded in both trans-

verse dimensions , or in reflectors wi th one transverse dimension , or at a

waveguide -l ens boundary , due to the edge roughness. This edge roughness

arises from the lithoqraphic mask and the method of etch , such as preferential

chemical or ion etch. The most satisfactory means to define a ~- iave uuide-lens

interface employs a graded gaseous diffusion around a lens mask during deposi-

tion. The waveguide thickness is thus tapered , however , core is required to

prevent coupling into the substrate [5 ,17 ,18] or into hig her order modes .

The optical waveguide material -struc ture selection is conditioned by the

requirements for wave binding to a guide 
~-~waveguide ~substrate~ 

and for

minimization of losses.  The opt ical  power (convergence and divergence) of a

lens system is , in part , determined by the refract ive index dif ferences em-

ployed between the lens and the refractive index in which the system is embedded.

A lens system design , in general , requires the use of the largest practical

range of refractive indices to minimize length. The use of materials where

160

-



the thi n— film waveguide effective refractive index is only sli ghtl y greater

than the substrate severely limits the numerical aperture. It is possible

to circumvent this condition by the use of geodesic lenses which employ

a nonplanar contour to control the lens optical thickness.

Conventiona l optical refractors emp loy two dimensions with spheric ,

aspheric , and cylindric surfaces and are usually i mersed in free space

having a refractive index of unity . The total range of refractive in-

dices of materials in the red and near infrared extends between 1.3 and

3.6 whereas the more typical values are between 1.4 and 1.8. Positive

lens elements are produced by convex surfaces and negative lenses are

produced by concave surfaces. On the other hand , optical wavequide lens

elements are always immersed in another dielectric which may have an

effective refractive index greater than or less than the optical element

(except geodesic). The maximum/minimum ratios of refractive indice s for

wavegu ide lens elements extend from approximatel y 2.5 to 0.4 whe reas the

typical range is contained within the ratio 1.4 to 0.7. Because the

refractive index ratio may be less than unity , it is also possible to

create positive waveguide lens elements using convex interfaces and nega-

tive waveguide lenses with concave i nterfaces.

Because the effective refractive index is also related to the film

thickness , it is possible to create inhomogeneous refractors using homogen-

eous materials [4]. Thin -film waveguide refractors may be formed by (1) the

insertion of another dielectric in the lens region , (2) the addition of

another higher index film as either an overlay or underlay of the waveguide

in the lens region , or (3) as changes of waveguide thickness. Changes of
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the waveguide effective refractive index can be implemented as a partial

un de rcu t i n the lens  re gi on or an over la y exter i or to the lens  re gi on

forming a part of the waveguide , or an undercut of the waveguide film external

to the lens. Except for the materials and film thicknesses , ea ch of these

processes is disti nguished by the order of deposition and/or ion etch

throug h waveguide -lens masks . The wavelength dependence on thickness intro-

duces a chromatic aberration which is greater than tha t inherent in the bulk

material. When the waveguide thickness is sufficient to support additional modes ,

and when the waveguide-lens interfaces introduce mode conversion , the prop-

erties of a lens system will be multi -va lued .

An exam ple of homogeneous refractors used to form a non -inverting tele-

photo lens system is illustrated in the photograp h collage of Fig. 1 . The

plan view of the negative element showing the thickness profile via Newton

rings is depicted in Fig. 1(a). Both the positive and negative refractors

employ Ta 205 as an overla y on the Corn i ng 7059 waveguide. Individual rays

and wide -beam transmission of 6328 A radiation throug h the lens  system is

evident in Sections (b) and (c), res pec ti vel y. The telephoto ratio is 1/2 and

a 1 cm aperture has been employed . Visibility of this propagation from the

s id e i s i ndi ca t ive of excessive Mie sca tter i ng. Fur ther , the waveguide-lens

i n ter face sca tter i ng i s a l so  c lear l y evident and , thus , this lens system per-

formance is not acceptabl e for use in the optical spectrum analyzer.

III . PLANAR LUNEBURG LENS

The i nhomo geneous p lanar c i rcular refrac tor , due to Luneburg [19], has

been investigated as an alternative. Interest in the Luneburg lens

[11 ,12 ,19,20] arises because it is free of all aberrations except curva-

ture of field and because of the simplicity of its fabrication as a thin-film
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waveguide structure [6]. Fig. 2(a) illustrates the cross-section of a

planar waveguide Luneburg lens with a higher i ndex underlayer between

the uniform thin-film waveguide and the substrate. The ray trajectory

through the lens is depicted in Fig. 2(b). A Luneburg lens is a circular

symetric refractive structure which will form perfect geometric images of

two given concentric circles on each other [20]. If one of the circles is

of infinite radius , the lens will focus a collimated beam from any direction

exactly to a point on the opposite focal edge. The lens is circular sym-

metric providing a 2m field of view and employs a radial refractive index

profile. This circular synimetric feature is of particular interest in

integrated optics w here the substrate area i s lim i ted because fol d ing of the

optical ax i s may use the lens for several purposes . The wave guid e Lunebur g

lens has a further advantage , that all refractive index variations are con-

tinuous , smooth and slow functions wi th respect to the optical wavelength.

Sca tter i ng and mode convers ion are , therefore , less than in other type waveguide

lenses .

Class i cal Lune burg lenses focus on the oppos ite edge yielding an f-number

of 0.5, which is inconvenient for an integrated optical spectrum anal yzer [2]

because of the high resolution lithograph y required to resolve and detect

radiation in the focal region. A generalized Luneburg lens  hav i n g a focal

point beyond the lens edge for a plane wave input, overcomes the above dis-

a dvan tage of the class ical Luneburg lens . The geometry for thi s general i zed

lens is illustra ted in Fig. 2(b).

By following a procedure based on Fermat’s principle and similar to

that used by Brown [12] in deriving the index profile corresponding to the

classica l Luneburq l ens , we have determined the constraint on index variation
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n(r) required to focus a beam of parallel rays at a point a distance r1 from

the center of the circular lens region to be

n (m) 2r 2 
- r2n2 (r)

n(r,m) = ne(m) exp 
e 

~~e
(m)
~
’i 

. (1)

In the above equation , r is the radial coordinate from the lens center along

the wavegu ide surface, r0 is the radius of the lens region , and ne(m) is the

effective refractive index for the waveguide mode (m) of interest. Note that

the above equation is not solved for n(r,m), but n(r,m) is readily determined

from Eq. (1) numerically as a function of r1. The derivation of the con-

straint on the refractive i ndex profile (1) involves an approximation which

is reasonable for F/D=F/2r0>l.3. Fig. 3 depicts the normalized effective

refractive index profile as a function of the normalized lens radius for

several f-numbers .. It indicates that the transverse profile becomes more

uniform having a l ower refractive index over a lar ger central  regi on of the

lens as the focal length is increased .

Fi g. 4 depicts the minimum required effective refractive index at the

center of the Luneburg lens relative to its waveguide ambient refractive

index as the lens focal length i s increased . For the class ic Lune burg lens

n(O,O)~V7~ a high i ndex layer like Ta 205 or Nb2O5 on 7059 [6] is required

for F/D=O.5. Luneburg lenses have been realized using an “all” 7059 thin

fi lm when F/D~6. The photograp hic collage of Fiq. 5 i l lustra tes a Luneburg

lens refractive index profile via Newton rings (a) and the operation of a

lens via the scattered rays (b,c), and when illuminated by a 1 cm wide beam

(d). The photographs of Fig. 5 (b and c) include reflections from the sub-

strate back surface in the region of the Luneburg lens. The structure

emp loyed cons i sts of Ta 205 (2.2) lens overlay on 7059 (1.59) waveguide on a
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7440 substrate. The lens , f-number= 1 .5 , i s ob taine d by use of a con i cal hole

in a thick mask similar to that used by Zernike [6]. This cone base diameter

is 1.14 cm , the cone ha l f  an gle is 15° , and the mask thickness is 2.54 mm.

Scattered radiation in Fig. 5 is a substantial reduction of that appearing

in Fig. 1.

A comparison of Lunebu rg l ens  p r o f i l e s  is illustrated in Fia. 6 as a

function of the normalized radius. The experimentall y determined lens thick-

ness us ing the Newton rings and by Tall y-Surf is shown in Fig. 6 as a solid

l ine (a). The curve marked (b) shows the calculated refractive index profile

for idea l Luneburg lens. Curve (c) is the calculated refractive index profile

using the experimentally determined thickness profile where the waveguide

thickness is 0.6 pm. It is obvious that the measured and calculated profiles

are reasonably matched in the center region wi th a substantial deviation around

the ou ter annulus . The transm i ss i on of i nd ivi dual rays through the Luneburg

lens of Fig. 5(a) and profiles of Fi g. 6 is shown in Fig. 5(b) and (d) when

t~-ie lens has been stopped down to an f-number of 2. When the aperture is in-

creased to an f-number of 1.6 , aberrations appear at the focus in Fig. 6(c)

which correspond to the exterior rays traversing the outer edge oF the lens

where the experimentall y determined refractive index profile does not adequatel y

match the required ideal profile. Reshap ing of the mask to form the lens is

required to more closely approach the ideal profile for the larger numeri cal

ap erture .

IV . GEODESIC LENS

All the lenses considered thus far have employed a change of effective

refractive index by altering the thin-film composition and thickness to

alter the wavefront in the guide , whereas , it is also possible to employ

curved surface topology which alters the propagat ion length because rays
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wil l  propagate along geodesics of the surface according to Fermat ’ s prin-

ciple. Geodesic lenses are of particular interest when the waveguide

refractive index is slightly greater than the substrate as occurs for in-

and out -diffused LINbO 3 [21], ion exchange in glass [22], and for (GaA 1 )As

heteroepitaxial structures.

Nonp lanar surfaces are usually not considered to conform to integrated

optical format; however , simple spherical depressions in the substrate are

easily fabricated by the ophthalmic optical industry for bifocal s. These

structures are considered herein because they provide the means to realize

an effective refractive index beyond that available from useful materials.

R i g h i n i , et al , [7] and Toraldo di Francia [23] have fabricated a

variety of geodesic lenses drawi ng from earlier work on microwave scanning

antennas. Spiller and Harper [8] have pointed out that the aberrations of

the spherical depression geodesic lens are opposite in sign to those of

the refractive lens , and thus may be combined for its suppression. Verber ,

et al , [9] using ion exchange glass waveguide , have demonstrated uncorrected

geodesic lenses. Rinehart [24] has considered a nonspherica l surface of revo-

lution as a means to achieve the Luneburg lens in the microwave regime , while

Wood and Vahey [10] have considered oblate sph~roids . It should be noted

that the spherical depression geodesic lens is also functional for surface

elastic waves exhibiting identical geometric properties [25]. The cross

section of a spheric depressed geodesic lens is illustrated in Fig. 7 wi th

the ray trace through the plan view . The paraxial focal l ength of a spheric

geodesic lens [25] is given by

F = 2( 1-cos o) ( 2 )
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where is the radius of the depressed surface at the intErsec t~on w i th
the plane and e is the half—angle of the chord . The geodesic lens f-number

as a function of the angular sector of the spherical depression (2) is

depicted in Fi g. 8.

Several problems are associated with the geodesic lens . First , care

is required to fabrica te a sharp edge without chipping which creates wide-

angle scattering at the intersecti on of the plane and sphere. This edge

must be rounded to minimize scattering , radiation loss at the transition ,

and mode conversion. A method is required to uniformly produce a small

r a d i u s  reproducib l y. Once the substrate is suitably prepared , a thin film

must be formed on the surface to act as a waveguide , the thickness of which

must be uniform over all surfaces to avoid unwanted refraction. Waveguides

formed by diffusive processes satisfy this requirement [9]. For the large

polar  angles needed to achieve fast lenses , deposition of uniform film thick-

ness over all the curved surfaces is difficult. It is possible to deposit

a radially syninetric film to correct spherical aberration [8].

The performance of a quasi- Rinehart-Luneburg geodesic lens (non-

spherical) is illustrated in Fig. 9 for the near tangential ray . A reflection

from the substrate back surface of this ray is also evident. The concave

geodesic lens (chord diameter 3.8 m) employed a Corn ing  7059 thin -film RE-

sputtered deposit on the 7440 substrate . A “super ” polished finish was em-

ployed for both the planar and spherical surfaces. Rays traversing the plana r

substrate exhibit scattering loss of approximatel y 1 dB/cm , where as , in the

regi on of the trans i t i on and dep ress i on , cons id era bly more loss occurs .

Another probl em with geodesic lens fabrication is the accurate control of

the chord diameter and the accurate placement of the lens with respect to

other optical elements , such a s reau i red for beam ex pans i on .
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V. EXPERIMENTAL WAVEGUIDE LENS DIFFRACTION PATTERNS

The performance of optical waveguide lenses as determined by measure-

ment of the diffraction pattern is encumbered by the ambient waveguide

film and the interven ing coupli ng to the free space diffrac ted beam. The

technique we have employed utilizes wide aperture prism i nput and output

couplers wi th the waveguide lens to be evaluated located between the couplers .

Re-imaging wi th magnification is employed in the output beam with a fiber-

coupled detector for scanning of the output intensity distribution. No

correction for spherical aberration of the pri sm employed at the lens focus

cou p lers has been i ntroduced .

The diffraction patterns of a thin-film waveguide Luneburg l ens (a) and

an uncorrected spherical depression geodesic lens (b) are illustrated in

Fig. 10 using a logarithmic intensity scale and a linear transverse scale

reduced by the re-imaging magnification . The Luneburg lens employed Ta205
on a bari um—rich RF—sputtered 7059 waveguide on a 7059 substrate . The lens

diameter i s 11 .2 mm and the focal length i s 12 mm. The input beam was col-

limated and aperture-limited to produce a uniform distribution with a 5 m

beamwidth. The resulting diffraction pattern in Fig. 10(a) exhibits a

comparatively well-formed sinc x function. The measured beamwidth referred

to the focus is 5 pm at the 3 dB point. The firs t sidelobe level should be

13 dB down , whereas , the observed sidelobes are approxima tely 10 dB down .

The presence of nearly-synimetrical sidelobes elevated by 3 dB with reasonably

defined nulls between the sidelobes is indicative of a quadratic phase error

of approximatel y ir/2 at the edge of aperture . The symmetry and null depth

suggests the absence of a cubic phase error. The lack of a systematic side-

lobe decay on the left-hand side of the diffraction pattern is attributed to
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a visible scatterer. The quadratic phase error (spherical aberration) could

arise from the input coupling prism , or output coupling prism surface or

contact figure , or the lack of correction for the prism thickness in the

focal region or in the re-imaging system. The recorded data of Fig. 10 is

the convolution of the optical waveguide lens , re-imaging lens and intervening

coupling prisms . Detailed ana lysis to identify the major phase-front error

contri butor remains.

The performance of an uncorrected spherical depression geodesic lens

using an RF-sputtered 7059 waveguide on a 7440 substrate is illustrated in

Fi g. 10(b). The lens diameter is 14.4 mm and its focal length is 28 mm.

A Gaussian beam without truncation was employed for the input where its

width was 2 mm at the l/e2 point. The measured output beamwidth at ~~ lens

focus is 11 pm at the -8.6 dB point. This diffraction pattern is not well -

ordered , that is , the sidelobes are not regular and do not exhibit a systematic

decay which indicates tha t aberrations are dominant , which is to be expected

because the lens is spherical and has not been corrected .

The presence of appreciable energy in the sidelobes and their slow

decay to a residual level due to scattering becomes a serious compromise

for an integrated optical spec trum analyzer , affecting both resolution and

dynamic range . These diffraction results and the experience developed during

an effort to reduce scattering has led to the use of a more promising wave-

guide ma terial—structure. This structure employs Corning 7059 waveguide and

Ta 205 as an u nderl ayer len s, all deposited on a thermally -grown Si02 isolation

layer on an Si substrate. The thermally-grown Si02 isolation layer with suf-

ficient thickness (~1~~2 pm) should approach the characteristics of low loss

fibers because the material evolves from the same process, however , an ex-

cessive film growth or use of other processes yields an imperfect surface
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giving rise to excessive scattering . Further , the use of 7059 over the

Ta 205 suppresses the scattering of Ta 205 i n  the thin sections at the transi-

tion into the lens. As with the processing for low loss fibers , extreme

purity and cleanliness is required during the processing . One probl em not

yet addressed is the requirement for a superstrate to isolate the integrated

optical circuit from its external environment - presumably, an organic

deposited from solution w i ll evolve. The measured diffraction patterns

depicted in Fig. 10 show that considerable effort remains to achieve near

diffraction -limite d operation , as required for an integrated optical spec-

trum analyzer [2]. A more accurate match of the Luneburg lens thickness

profile to the required effective refractive index profile remains to be

developed by sha pi ng of the mask , the ion source and the deposition condi-

tions .

The measured t ransverse  distribution of propagation of a Gaussian beam

is illustrated in Fig. 11 for an ultra—low loss 5 cm section of Corning 7059

waveguide RE-sputtered upon thermal ly grown Si02 on Si. The beam profile ,

prior to entry into the i nput coupling prism , is illustra ted in Fig. 11(a)

without use of a re-imaging system. The beam profile , after traversing the

waveguide and prism coup lers , is depicted in Fig. 11 (b) . With exception

of the recorde d no i se , this diffraction pattern is a reasonable facsimile of

the i nput beam profi le . It shows that the s pur ious res ponses are more than

25 dB down .

V I . REFLECTORS

Another important consideration in the desi gn of thin-film waveguide

optical systems is the requirement for straight and curved reflectors . They

mus t funct i on effi c i entl y and not give rise to scattering or radiation loss.

~ straight-line, tapered edge provides one effective solution for reflectors ;
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however , it is restricted to the angular range of tota l internal reflection.

The minimum critical angle of incidence is

~c mm = sin~ ~~~~
- (3)

where n5 is the refractive index of the substrate and n
~ 

is the refractive

index of the wavegui ue material. For waveguides having refractive index

slightly greater than the substrate , this tapered edge approach restricts

its use to near—gra zing incidence. Again , care must be exercised to avoid

the tapered edge acti ng as a coup ler into the substrate [17,18].

An alternative approach employed successfully depends upon the use of

thermally -grown Si02 on Si as a sing le crystal substrate . It is possible

to reproducibly cleave throug h the substrate , isolation layer and waveguide

thin -film producing crystallographically perfect facets on the {ll0} face.

When the silicon is oriented so that the waveguide plane is orthogonal to

the cleaved plane , Eq. 3 may be used where n5=l which leads to a much wider

range of total internal reflection. The cleaved surface may be rnetallized

permitting efficient reflection at norma l incidence. The operation of a

metallized cleaved reflector is illustrated in Fig. 12 using 7059 waveguide

on thermally-grown SiO2 on Si as a substrate. The reflection loss is in-

significant. The difference of ray trace intensity is due to less scattering .

Observed losses in this waveguide on thermally—grown Si02 on Si approached

0.1 dB/cm.

Curved reflectors cannot be produced by cleavage. Attempts at polish-

ing to produce curved orthogonal edges consistently led to microscopic chips

and wide-angle scatter. Large curvature reflectors formed by rounding of the

substrate edge to fold the optical path from one side of the substrate to another ,

ca n be emp loyed as a step toward conflection systems [19]. Because tapered
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edges are restricted to near-grazing incidence , curved reflectors must

follow design procedure for deep conics [26].

VII . CONCLUSIONS

A variety of thin-film waveguide optical elements have been investi-

gated with expectation that they may be employed in a Fourier transform

si gnal processing function. Near diffraction-limited performance is re-

quired of these refractors and reflectors. It is concluded tha t a thin-

film Luneburg lens is the most viable planar approach based upon the use

of oxides , and when high-refractive index substrate materials must be

employed the spherical depressed geodesic becomes a feasible alternative.

One problem identified is the presence of Rayleigh and Mie scattering

which limits the dynamic range of the Fourier transform . Currently,

thermally -grown SiO2 on Si yields the smoothest l ow-scattering isolation

layer and substrate for deposition of waveguides , lenses , and cleaved re-

flectors , useful in the near i nfrare d .
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(a)
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(c)~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Figure lB. Homogeneous Thin-Film Waveguide Refractors Usin g Ta205on Corning 7059 on 7440 Glass: (a) a plan view of
negative refractors showing Newton rings indicatin g tapered
edges, (b) scattering of ray traces through telephoto lens
system using 6328 A radiation , and (c) same as (b) except
using 1 cm wide input beam.
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(b)

Figure 2B. Thin—Film Waveguide Luneburg Lens: (a) cross-section usin g
high index underlayer with continuous waveguide , and (b)
ray traces through general i zed Luneburg lens .
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(c)

Fi gure 5B. Generalized Waveguide Luneburg Lens Using Ta 0~ on 7059 on7440: (a) plan view showing Newton rings in~i~ating the
radial tapered thickness profile , (

~) scattering of individual
ray traces through lens using 6328 A radiation extendin g over
5nrn aperture , (c) same as (b) except increased aperture is
showing aberrati on due to incorrect radia l thickness profile ,
an d (d) same as (b) except using continuous 5mm wide bean.
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Fig. 5B, (b) i deal effective refracti ve index profile , and
(c) calcula ted effective refractive index profile using data
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Figure 7B. A Thin -Film Waveguid e Geodesic Lens: (a) cross-section , and
(b) projected ray trace through geodesic lens.
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Figure 9B. Circumferential Ray Trace of Rlnehart-Luneburg Geodesic
Lens Using Corning 7059 on 7440.
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20

Figure lOB . Experimentally Measured Waveguide Lens Diffraction Patterns:
(a) pl anar thin-fi lm Luneburg lens using Ta90~ on BaO-rich
7059 on 7059 and a uniform illuminated apertu!Le of 5 m,
F=l2 mm, and (b) spheri cal depression waveguide geodesic
lens using 7059 on 7440 using 7 mm Gaussian input beam
dep icted in Fig. 118 , F20 nm.
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Figure llB. Wavegui de Scattering Using 7059 Waveguide on Thermally-Grown
SiO on Si: (a) Gaussian input beam profile , and (b) measured
out~ut beam profile after propagating through BK-7 in put!
output couplin g pri sms and 5 cm of 7059 waveguide .
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Figure 12B . Thin-Film Waveguide Reflector Usin g Cleaved Metallized Edge
(Al) of 7059 Waveguide on Thermally-Grown Si02 on S i .
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APPENDIX C

INTEGRATED OPTICAL WAVEGUIDE AND

CHARGE COUPLED DEVICE IMAGE ARRAY *

J.T. Boyd and C.L. Chen
Solid State Electronics Laboratory

Department of Elec trical and Computer Eng ineer ing
Universi ty of Cincinnati
Cincinnati , Ohio ~~~~

(513) 475—4461

Abstract

The device structure and experimental operat ior of an i ntegrated optical

wavegui de and charge coupled device (CCD) detector ar ’ay are considered. The

use of sil icon as a substrate allows direct fabrication ~T the CCD detec tor

array and a thermal ly ox idi ze d layer of Si02 forms an effective substrate

for waveguide deposition . The detector array is composed of a two-phase ,

overl apping-gate CCD with fi rst level polycrystalline silicon electrodes and

second level aluminum electrodes connected in parallel by means of a series

of gates to an array of photodiodes. In the photodiode region the Si02

l ayer is tapered to a termination so that with minimal scatter , light is

multi ply-refracted into the detector region . The center-to-center detector

element spacing of the device fabricated and successfully operated is 32 ~m.

Op timum detec tor length is consi dered as a func ti on of wave guid e thickness .

The integrated waveguide-CCD array is ex pected to become an integral part

of various s ignal p rocessin g devices .

* Research sponsored by the Air Force Offi ce of Scientific Research , A i r Force
Systems Command , USAF , under Grant No. A FOSR-76-303 2 an d under a su bcontrac t
from Rockwell Internat ional as prime contractor for the Air Force Avionics
Labora tory. The Un i ted States Government i s author i zed to reproduce and
d istr ib ute repri nts for Governmental purposes notw i thstan di ng any copy rig ht -—
notat i on hereon . 
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I. INTRODUCTION

An integrated optical waveguide and charge-coupled device (CCD) linear

imaging array have been fabricated and successfully operated . Such an

integrated device is expected to find many applications in integrated

optical si gnal processing device structures . Optical signal processing

using an integrated optical format combines the advantages of parallel

processing with those present in an efficient , compact , and economical

device . Parallel processing occurs when information is imparted to the

transverse spatial distribution of an optical wave . Appropriate modulation

and processin~j techniques include highly -efficient and wide band

acoustooptic deflection ,~~
4 electrooptic deflection ,5’6 and one-dimensional

spatial Fourier transformation performe d by an optical waveguide lens .7

For example , integrated optical acoustooptic deflection , optical waveguide

lenses , and an integrated waveguide—detector such as described herein , can

be used to perform wide band spectrum analysis of electronic signa ls~ In

this and general integrated optical signal device configurations information

carried by the light wave can be converted to electrical signals by means

of a detector array . With the presence of a CCD in the detector array ,

transformation of the electrical signal from a parallel format into a

serial format occurs in a natural and simple way . Information capacity of

integrated optical signal processing devices will be limi ted by beam

diffraction or array resolution and detector dynami c range . As the presence

of optical scattering will reduce this capacity , integration of the array

into the optical waveguide , and thereby minimizing scattering occuring in

186

~~~~~~~~~~
-
~~

- :1~~ 11::~11i ~~~~~~~~~~~ 1: ’ .~~~~~ . .._~~~~~~~~ . .~~~~~~~ . 1__ _ . 5.



- —— . - - -
~~~

- . . - .  ,- . .  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - .

waveguide-detector coupling ,will allow superior performance as compared

with the use of an external detector array .

The integrated waveguide—CCD detector array may find additional

applications based on its inherent property of parallel entry of signal

information into a CCD shift register. Optical injection of parallel

signals into CCDs offers significant advantages over electrical injection

techniques , in that for the latter sophisticated stabilized charge

injection circuits are require d for each entry tap. 9 Furthermore ,

capacitive coupling limi ts both the proximity of adjacent taps and the

maximum usable signal frequency for parallel electrical injection.

Parallel optical signal injection using bulk optical waves along with a

mask to implement a fixed tap weight transversal fi l ter has previ ousl y

been demonstrated.~° We anticipate that the use of integrated optical

channel waveguide-detector structures would yield a device with greatly

increased channel density and channel isolation. Parallel integrated

optical signal injection into CCDs may also find application in multi-

plexing , programmable filteri ng , and memory devices.

The integrated waveguide -CCD detectors use silicon as a substrate .

Besides allowing fabrication of a sophisticated detector array providing

serial signal output , use of silicon al lows fabrication of a variety of

electronic circuitry on the same substrate . Furthermore , surface elastic

waves can be exci ted efficiently on silicon using a ZnO film in the

transducer region .1’ The thermally-oxidized Si02 layer , not being a

deposited film , presents a very smooth , low refractive index surface for

waveguide deposition. As the Si02/Si surface is well-suited for the
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formation of channel waveguides by preferential etching)2 an array of channel

waveguides wi th each waveguide coupled to an array element could provide

increased spatial resolution and reduce the effects of optical scattering

and spatial sampling .

II. DEVICE STRUCTURE

The integrated optical waveguide and CCD linear image array are formed

using a silicon substrate. Use of silicon allows the CCD detector array to

be formed using the established processes of silicon device fabri cation

technology. The optical waveguide is formed on a l ayer of Si02 thermally-

grown on the sil icon surface. This l ayer is sufficiently thick (typically

1 tim. ) so that evanescent couplin g of light from the waveguide to silicon

is negligible , except in the detector region!3 In the detector region , the

Si02 layer tapers to zero thickness so that lig ht in the waveguide is

multip ly-refracted into the silicon substrate . A taper which minimizes

optical scatter is fori~ied by allowing a carefully controlled amount of

undercutting to occur during etching in device processing !4 A profile of the

integrated waveguide - CCD detector structure is shown in Figure 1.

The basis of CCDs is the metal-oxide-silicon (MOS) capacitor. In Figure 1

electrodes are formed from both al uminum (Al) and conducting polycrystalline

silicon (polysilicon). Potential wells for minority charge are formed at or

near the sil icon surface under the electrodes of such capacitors upon

application of an appropri ate vol tage. Charge representing a signal level

can be stored in such a wel l for short periods of time . Charge transfer occurs

by creating a deeper wel l beneath an adjacent capacitor by applying a larger

vol tage. By alternating capacitor voltages in either a two, three , or four

phase manner , unidirectional charge transfer alon g an array of MOS capac i tors

can be effected~
5 

A p-n junction is located at each end of the capacitor array

for serial injection and collection of signal charge.
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The detector array in Figure 1 consists of an array of photodiodes

formed in n-type silicon connected in parallel by means of a series of gates

to a CCD shift register.
16 ’17 One CCD unit cell corresponds to each photodiode .

Channel isolation is maintained through the series of gates by the presence

of channel stopping n+ regions . The detector array integrates the optical

signal incident on the array of photodiodes as the potentials of the control

and integration gates are adjusted so that charge excited by incident light

collects underneath the integration gate. At the end of the integration

period T, the transfer gate is turned on so that the collected charge is

transferred into the shift register. This charge transfer occurs simultaneousl y

for each array element. This parallel transfer of charge occurs in a time less

than 1/2 of the CCD clock period so that the CCD is essentially stationary .

Once this charge has transferred into the shift register , the transfer gate

is turned off and the charge is shifted along the register to the end where a

serial , discrete-time signal emerges representing the spatial light distribu-

tion. As soon as the transfer gate is turned off, the photosensors begin

integrating charge and the cycle is repeated . The integration time is thus

given as

T = N / f
~ , (1)

where N is the number of CCO cells equal to the number of array elements and

is the CCD clock frequency . Because charge integration can occur while

CCD rea dout takes p lace , sensing takes place essentially 100% of the time

for reasonable values of N. 18
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The CCD shift register portion of the device is a two-phase , overlapping-

gate structure cons i sting oP one level of polys ilicon electrodes insula ted

by an additional l ayer of Si02 from a second leve l of overl apping aluminum

electrodes
1
.
9 

Use of such an overlapping gate structure is superior to a

single-level electrode in that such devices are characteri zed by greater

stability and a higher charge transfer efficiency or, equivalently, a lower
20

transfer inefficiency . Dispersion of signal information is thus minimized.

For many applications of the integrated waveguide - CCD detector

array , minimizing the array element center-to—center spacing allows the

information handling capabilit y to be maximized .8 Such spacings will

generally be limi ted by lithography considerations . Large aspects ratios

of the rectangular photodiode region are generally undesirable. The question

thus arises as to ,whether the extent of the photodiode in the direction of

light propagation L can be chosen sufficiently large so that nearly all

light incident can be multiply refracted into the detector region . To

exami ne this question , we consider the decay of light intensity along the

photodiode surface in the direction of li ght propagation 1(z), given as’3

1 (z) = I0e
_
~e

Z 
. (2)

In (2) ae is an effective decay constant accounting for light coupled into

the photodiode region given as

1-R (3)
~e d tan o

where d is the waveguide thickness and e is the waveguide mode character-

istic angle wi th respect the waveguide surface normal. For the case of
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multiple refractive coupling (zero thickness Si02 l ayer in the photodiode

region) R in (3) is the appropriate Fresnel reflection coefficient at the

waveguide -silicon interface for the mode characteristic angle and polariza-

tion in question~ We wi ll restrict our present discussion to the TE0 mode .

For a thin Si02 layer in the photodiode region evanescent wave coupling will

occur causing the field in the waveguide to decay according to (2) and (3),

but with R interpreted more generally as a composite reflection coefficient.

As evanescent coupling is weaker than multiple refracti ve coupling, multiple

refraction is preferred as it allows minimization of the photodiode length

L required for efficient coupling. An analysis of photodiode quantum

efficiency for the type of waveguide coupling described herein has shown

that for a variety of situations the quantum efficiency increases with
14

unti l aeL’~
.5i.. - Since further increase of 

~e
L causes no significant increase

in quantum efficiency , an optimum val ue of detector length L0 can be defined

as
L0 

= 3”
~e ’ (4)

The magnitude of the device quantum efficiency for detector lengths greater

than (4) saturates at a value determined by the silicon absorption coefficient

at the wavelength of interest , depletion region depth , carrier diffusion

lengths , and depth of the surface recombination region .

We have calculated the optimum detector length L0 for the TE0 mode

as a function of waveguide thickness d for a waveguide refractive index

of flg = 1.61 . This refractive index is characteristic of the KPR photo-

resist waveguides used in the experiments described herein , as well as

characteristic of 7059 sputtered glass waveguldes. The result of the
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calculation is shown in Figure 2 for A= .9 Urn and .6 Urn. The portions of the curves

to the left of the dotted vertical lines are the regions in which only a

single TE mode can exist. In the single mode regions the optimum detector

lengths would allow fabrication of efficient photodiodes with reasonable

aspect ratios and with center-to-center spacings approaching photo-

lithographic limits. However, for multimode waveguides the corresponding

optimum detector lengths become quite long. It is fortunate that

in many signal processing applications use of a single-mode waveguide is

advantageous in view of other considerations~ In Fourier optical processing

utilizing optical waveguide lenses the integrated waveguide-detector array

described herein would find application in focal plane imaging. If L0
exceeds the depth of focus for such applications , then an array of channel

waveguides , one passing directly over each photodicde would be required

to preserve signal integrity .

Utilization of the integrated waveguide-detector arrays is limited by

a maximum input optical power density 5max incident on each photodiode

before dispersion of the discrete time signal emerging from the CCD occurs .

The optically — induced charge must remain less than the maximum signal

charge handling capability of the CCD umax ’ given approximately as

umax = COXMV , (5)

where Cox is the oxide capacitance per unit area , A is the area of each

pol ysilicon electrode , and ~V is the diffe rence between t.he maximum and

minimum values of CCD clock voltage. The presence of ~V r1 (5) results

from assuming two phase clock operation with pulse overlap. Th~ max imum

incident optical power density Smax is then just that value causing optical ly
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induced charge in T seconds to be equal to umax ’ i.e.

hvC MV
Smax - ensdT

where hv is incident photon energy , i~ is the device quantum efficiency ,

e is electron charge , and s is the width of the detector along the

surface perpendicular to the direction of light propagation . For the

actual fabricated device described in the next section C0,~ = 2.95 x 10-8

F/cm2, A = 1.56 x lO~ cm2, s = 25 Urn, and L>L0 for d = 1 urn. Assuming

typical or reasonable values of r~ = .1 , ~V = 10 volts , I = lO~ sec., and

A = .9 Urn, we find from (6) that Smax = 25 W/cm2. This power density

corresponds to a power of .25 mW for a 1 niii. diameter laser beam propatating

in a 1 urn thick optical thin -film waveguide .

111 . DEViCE OPERATION

The integrated waveguide -CCD detector array was fabricated using n type

silicon having resistivity of 8 ohm-cm. and 100 orientation . The detector portion

of the resulting device is shown in Figure 3. The presence of the photo-

diodes provides an electrode-free surface region for coup ling light from the

waveguide to the detector region by multiple refraction. This device contains

19 array elements with the photodiodes measuri ng 25 urn x 115 Urn with 7 urn of

isolation between adjacent elements . In view of Figure 2, the phctodiode

length of 115 urn is quite sufficient for effective coupling for the KPR photo-

resist waveguide employed in our experiments . However , this length would be

somewhat long if we were to attempt to reduce the center-to-center spacing

to the photolithographic limit. The two—phase overlapping gate CCD has a

conventional charge collection diode for signal output and a charge injection

diode for serial input. The latter allows for electronic evaluation of the

CCD and for serial injection of bias charge .
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A number of devices such as that shown in Figure 3 were fabricated on

a sing le silicon wafer. After initial probe testing the wafer was segmented

and individual arrays were mounted and bonded in dual -in- line packages. The

packages employed were specifically altered so they accomodate a sufficiently

large piece of silicon that would allow space for prism coupling of light into

the waveguide and for waveguide propagation. Once packaged the devices could

then be inserted in a socket attached to a standard prism coupling optical

mount. A macroscopic view of HeNe laser light coupled into the optical wave-

guide is shown in Figure 4-a. The bright area on the left is a top view of the

prism illuminated by scattered light , while the dark area in the center is the

clamp pressing the prism against the surface. The streak of scattered light

is approximately 125 pm wide and corresponds to the light beam which had been

externally focused propagating until it reaches the detector region . Bonding

wire leading from bonding pads on silicon to connections on the package is

illuminated by scattered light. The detector array is located between the

termination of the streak of light and the bonding pads . Because the

magnificati on in Figure 4—a is considerably less than that in Figure 3,

details of the CCD detector array are not resolvable. Note that there is no

visible indication of excess scatter occuring in wavegui de-detector coupl i ng .

Figure 4-b is an oscilloscope trace of the signal emerging from the CCD

corresponding to the laser excitation in Figure 4-a. Differential amplifica-

tion of the signal was used to eliminate some of the pickup from the clock

pulses.

The device was operated wi th a two-phase clock producing overlapping

pulses in the 100 KHz frequency range. Counter circuitry synchronized to the

clock was used to control pulsing of the transfer gate so that this gate was

turned on only after charge in the CCD shift register had been completely

shifted out. Counter circuitry was also employed to provide a suitable
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electronic Input for electronic evaluation of charge transfer efficiency .

Charge transfer efficiency can be evaluated by serially injecting several

low duty-cycle rectangular pulses with each separated by one clock period.
20

By carefully noting the degradation of the leading and trailing edges of the

pulse train , information regarding transfer efficiency can be inferred. For

the devices fabri cated we determined a transfer efficiency of .993 per double

transfer. Al though this val ue is adequate for performance of our 19 stage

device , higher val ues can be obtained. Good charge transfer efficiency

requi res very sharp lateral potential barriers .15 Although the purpose of the

channel stop diffused regions is to provide such barriers , the device processing

sequence we employed involved a high temperature thick gate oxide growth step

after the channel stop diffusion . Further diffusion thus would occur duri ng

the oxide growth , resulting in more gradual l ateral barriers . Evidence that

this was indeed occuring was obtained from the transfer efficiency measure-

ments in that larger values of bias charge than usual were required to

eliminate fixed transfer loss.20 The problem can be overcome by using ion

imp l antation for channel stop doping and altering the processing sequence .

.1

195

_ _ _  4



F - — - - -  — ::~~~:. - ---- — -  —--- 

~~~~~~ 
-

IV. SUM.MARY

Successful fabrication and operation of a l inear CCD image array integrated

into an optical waveguide structure have been described. The integrated device

is fabricated using silicon wi th a thick layer of thermally-oxidized Si02
serving as the waveguide substrate. Data have been presented wi th regard to

the optimum array element size required for the light wave to be efficiently

coupled into the ‘detector region . Minima l excessive scattering in the region

where coupling of light from the waveguide to the detector occurs was

observed. The integrated structure that has been descri bed herein is

expected to serve as a basic element in integrated optical signal processing

devices and to provide a method for parallel entry of information into CCDs .

In any such applications the use of silicon allows for integration of addi-

tional electronic circuitry and devices with the integrated waveguide-CCD

detector array.

We would like to acknowledge J . I. Garrett for providing technical

assistance and A. J. Van Velthoven of the NCR Microelectronics Division for

supplying the device packages . Hel pful discussions with D. B. Anderson are

also appreciated.
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Fi gure 4C. (a) Light Propagating in an Optical Waveguide from the
Prism Coupler to the Integrated CCD Detector Array .

(b) CCD Output Signal Corresponding to Illumination
Shown in (a).

202



APFt~1DIX D
LINEAR CHARGE COUPLED DEVICE DETECTOR ARRA Y FOR I~1AGING

LIGHT PROPAGATING IN AN INTEGRATED THIN-F iLM OPTICAL WA V EG UI D Et

C.L. Chen and J.T. Boyd
Solid State El ec tronics Laboratory

Department of Electrical and Computer Engineering
Uni versity of Cincinnat i
Cincinnati , Ohio 45221

(513) 475-4461

ABSTRACT

We will discuss device design , fabrication , on a layer of SiO . This layer is sufficientl y
and operation of a linear charge coupled device thick (typically 2 1 m.) so that eaanescent cou-
(CCD) detector array integrated with a thin— film pling of light from the waveguide to silicon is
optica l waveguide and applications of this structure negligib le , except in the detector region. In the
to integrated optical signal processing and fiber detector region , the Si02 layer tapers to zerooptical communications . A two-phase , overlapping- thickness so that light in the waveguide is coupledgate CCD is connected in par allei by means of a into the silicon substrate .1 A taper which minimi zesseries of gates to an array of photodiodes . The
photodiod e provides an electrode—free surface region optical scatter is formed by allowing a carefully

controlled amount of undercutting to occur duringso that a hi ghly-efficient waveguide-detector cou-
p lin g technique can be implemented. A thermally- etching in device processing . A profile of the

oxidized layer Cf SiO forms an effective substrate integrated wavegui de - CCD detector structure is

for the optical waveg~ide. shown in Figure 1 . Note in Figure 1 that the wave-
guide is continuous along the diode region instead
of directed and termi nated onto this region. SuchI. INTRODUCTION a configuration causes the light reflected from
the wavegu lde-silicon interface to be totally-A CCD linear imag ing array Integrated with internally reflected from the waveguide surface andan optical waveguide structure has been fabricated incident again on the wavegu ide-silicon interface.and successfully operated . In this integrated de- Since the waveguide continues along the detectorvice guided optical waves propagate along the wafer reg ion , this process repeats itself many times .surface entering the imaging device laterally as The resulting mu lti i,le refraction of light intoopposed to from the top or bottom of the device as the detector minimizes detector loss due to re-in conventional imaging devices . Light can be con- flection.fined in a thin-film in the transverse dimension

perpendicular to the film surface by having a film T he detector ar ray i n F igure 1 consIs ts o f anthickness on the order of the optical wavelength
and a refractive index greater than that of the array of photodiodes formed in n-type silicon conn-
s~.bstrate. As a thick layer of SiO having re- ected in parallel by means of a series of gates to

fractive i ndex n = 1.46 serves as t~e effective 
a CCD shift register. The charge transfer portion
of the device utilizes a two-phase , overlapping-substr3te for the thin— film waveguid e , a wide

va~~et~ of thin f i lms having a larger refractive gate structure consisting of one level of polj-
silicon electrodes insulated by an additional 1~ yer

• index car be utilized to form optical waveguide s .
If the f i lm is uniform along the direction parallel of Si 02 from a second level of overlapping aluminum

to the ex~s of the detector array , a slab waveguide electrodes. 2 One CCD unit cell corresponds to each
,‘‘ists a~~ tre f-anction of the CCD linear detector photodiode . Channel isolation is maintained through
arraj 1~ to image light in this transverse direc— the series of gates by the presence of channel
t~~~~. lriis l i gnt variation could be the result of stopping n+ regions . The detector array integrates
p a-fll e l optical signal processin g performed at the optical signal incident on the array of phc tc-
another location in the optical wavegu ide. Alter— diodes as the potentials of the control and inte-
natel j, a nu’rher of parallel channel waveguides gration gates are adjusted so that charge excited
cou~-d be defi ed phot uli thographical ly with each by incident light collects underneath the in te-
channel .~mv eguide coupling to a single array ele- gration gate. At the end of the integration period
~r,t. Although both types of structures are ex— T, the transfer gate is turned on so that the

pected to find app lications in signal processing collected charge is transferred into the shift
and optical coirriunications , the present discussion register. Thi’~ charge transfer occurs simultaneously
w ’lI generally be confined to the slab waveguide for each array element and in a time less than 1/2
structure . of the CCD clock period. Once this charge has

transferred into the shift register , the transfer
I . DEVICE STRUCTURE AND OPERATION gate is turned off and the charge is shifted along

the reg i s ter to t he end where a ser ial , discrete-
The integrated optical waveguide and CCII time signal emerges representing the spatial light

l i near image array are formed on a comon silicon distribution. As soon as the transfer gate is
substrate with th~ optical waveguide being formed turned off, the photosensors begin integrating

* Research sponsored by the Air Force Office of Scientific Research , Air Force Systems Coimnand ,
USAF , under Grant No. AFOSR-76-3032 and under a subcontract from Rockwell Interna tional as
prime contractor for the Air Force Avionics Labora tory . The United States Government is
authorized to reproduce and distribute reprints for Governmental purposes notwi thstanding any
copyri ght notation hereon.
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Figure 1. Integrated optical waveguide and CCD detector array .

charge and the cycle is repeated. The integration fractive coupling , multiple refraction is preferred
time is thus N times the lock period where N Is the as It allows minimization of the photodiode length
number of CCII cells equal to the number of array L required for efficient coupling. A n analysis of
elements . Because charge integration can occur photodiode quantize efficiency for the typ.~ of
while CCD readout takes place sensing takes place waveguide coupling described herein has shown that
essentially 100% of the time .~ For many appl i ca— for a variety of situations the quantum efficiency
tions of the integrated waveguide - CCII detector Increases with eeL until me~~

3
~
’ Since further

array , min imizing the array element center-to—
center spacing allows the infbrmation handling increase of meL causes no si gnificant increase in
capability to be maximi zed .4 Such spacings will quantum efficiency , an optimize va l ue of detector
generally be l imited by lithography considerations , length L0 can be defined asLarge aspects ratios of the rectangular photodiode
region are generally undesirable. The question L0 3/’0e~ 

(3)
thus arises as to whether the extent of the photo-
diode in the di rection of light propagation L can
be chosen sufficiently large so that nearly all The magnitude of the device quantum efficiency for
light incident can be mul tiply re fracted into the detector leng ths greater than (3) saturates at a
detector region . To examine this question , we value determined by the silicon absorption co-
consi der the decay of light intensity along the efficient at the wavelength of interest , depletion
photodiode surface in the di rection of light pro- region depth , carrier diffusion lengths , and depth

pagation 1(z), given as of the surface recombination region.

—o Z We have cal culated the optimu m detector length1(z) = 10e e (1) L0 for the TE0 mode as a function of wavegu ide

thickness d for a waveguide refractive index ofIn (1) °e is an effective decay constant accounting n
9 

= 1.61 . This refractive index is characteristic
for light coupled into the photodiode region given 

of the KPR photoresist waveguides used in the ex-as l—R
d tan ~ 

(2) periments described herein , as well as characte ristic
of 7059 sputtered glass waveguides . The resul t of
the calculation is shown in Figure 2 for A= .9 ~mwhere d is the waveguide thickness and a Is the and .6 pm. The portions of the curves to the lef t

waveguide mode characteristic angle wi th respect of the dotted vertical lines are the regions in which
the waveguide surface normal . R in (2) is the only a sing le TE mode can exist. In the si ng le mode
appropriate Fresnel reflection coefficient at the regions the optimum detector lengths woul d allow
wavegu ide-silicon Interface for the mode cha~ac- fabrication of efficient photodiodes with reasonable
teristic angle and polarization in question .0 We aspect ratios and with center-to-center spacings
w ill restrict our present discussion to the TE0 approach ing photo lithographic limits . However , for

mul timode waveguides the correspond ing optimummode. For a thin 5102 layer In the photodiode detector lengths become qu ite long. It Is fortunate
region evanescent wave coupling will Occur causing that In many signal processing appl i cations use of
the field In the waveguide to decay according to a sing le-mode wavegu~de is advantageous in view of
(1) and (2), bu t wi th R interp reted more generally other considerations. In Fourier optical proces-
as a composite reflection coefficient. As sing utilizin g optical waveguide lenses the inte-
evanescent coupl ing is weaker than multiple re— grated waveguide-detector array described herein

woul d find appl ication in foca l imag ing . if L0 exceeds
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— : Figure 3. Linear photodlode imaging array coupled

= // = to a two phase , overl app ing gate CCII.

~ II socket attached to a standard prism co upling optical
~~~
. / 7 mount. A macroscopic view of HeNe laser light

I / — coupled into the optical wave guide through a prism
fr — f — 

coupler5 is shown in Figure 4-a. The bright area
on the left is a top view of the prism illuminated
by scattered li ght, while the dark area in the

1 I I I I I I 1 1 center is a clamp pressing the prism against the
It 

~.e surface . The streak of scattered light Is app-
d~ym) roximately 125 pm wide and corresponds to the light

beam which had been external ly focused propagating
until It reaches the detector region . Bonding

Fig ure 2. Detector length for efficient coupling wire leading from bonding pads on sil icon to conn-
of l ight from waveguide to detector as actions on the package is illuminated by scattered
a function of waveguide thickness for light. The detector array is located between the
a waveguide refractive index n = 1.61. termInation of the streak of light and the bonding

pads . Because the magnifi cat ion in Fi gure 4-a is
the depth of focus for such applications , then an considerabl y less than that in Figure 3 , details of
array of channel wavequides , one passing directly the CCD detector array are not resolvable. tiote
ove r each photodiode would be required to pre- that there is no visible indication of excess
serve signa l integrity . scatter occuring in wavegu ide-detector coupling.

Figure 4-b is an oscilloscope trace of the signal
The integrated wavegui de—CCD detector array emerging from the CCD corresponding to the laser

confi guation shown in Figure 1 was fabricated using excitation in Figure 4—a. Differential amplifica-
i ty7e silicon having resistivity of 8 ohm-cm. and tion of the signal was used to eliminate some of

~~Q orientation . The detector portion of the the p ickup from the clock pulses.
resulting device is shown in Figure 3. This device
contains 19 array elements with the photodiodes The dev ice was operated wi th a two-phase

~asuring 25 pm x 115 ~rn with 7 pm of isolation clock producing overlapping pulses in the 100 ((Hz
between adjacent elements. In view of Figure 2, frequency range. Counter circui try synchronized
sne photodiode length of 115 pm is quite sufficient to the cl ock was used to contro l pulsing of the
f~~r effective coupling for the KPR photoresist transfer gate so that this gate was turned on only

-,vavegu ide employed in our experiments . However , after charge in the CCII shift register had been
this length would be somewhat long if we were to completely shifted out. Counter circuitry was
atte m pt to reduce the center-to-center spacing to also emal oyed to provide a suitable electronic
the photo lithographic limit. The two—phase over— input for electronic evaluation of charge transfe r
lapping gate CCD has a conventional charge coll— efficiency . Charge transfer efficiency can be
ection diode for si gnal output and a charge in— evalua ted by serially ’ injecting several low duty-
jec tion diode for serial input. The latter allows cycle rectangular pulses with each sepa rated by
fo r electronic evaluation of the CCD and for serial one cl ock period. By carefully noting the de-
inject ion of bias charge, gradation of the leading and traili ng edges of the

pulse train , information regarding transfer eff-
i,fter i nit i al probe testing of fabricated iciency can be inferred. For the devices fabri-

•i e, ic e t ,  1s i~~i v m d v a ~ -jrr a/s were mounted and bonded cated we determined a transfer efficiency of .9P3
in duaJ- ,n -l i r~ ma ckages. The packages employed per double transfer. Although this val ue is

~ere specifically altered so they could accomodate adequate for performance of our 19 stage dev ice ,
a su ffic ionti 1 ldrqe piece of silicon that would hig her val ues can be obtained . Good charge
a1~o.a space for im ~i c ~n c ripl i n g of light into the transfer efficiency requires very sharp lateral
waveguid e and ~or . m ~ r-;~n~ e propagation. Once potential barriers 5 8 Al thounh the purpose of the
oaokaged the devi ces could then be ins ert e—i in a channel stop diffused regions is to provide tuch
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Figure 4. (a) Light propagating in an optical waveguide from the prism coupler to the Integra ted CCD
detector array . (b) CCD output signal corresponding to ill um inat ion shown in (a).

n+ barriers , the device processing sequence we Optical signal processing using an integrated optical
employed involved a high temperature thick gate fo rmat combines the advantages of parallel pro-

• oxide growth step after the channel stop diffusion. cess ing wi th those present in an eff icient , compact ,
Further diffusion thus would occur during the and economica l device. Parallel processing occurs
oxide grow th, resulting in more gradual lateral when information is imparte d to the transverse
barriers . Evidence that this was indeed occuring spatial distribution of an optical wave. App-
was obtained from the transfe r effic iency measure— ropriate modulation and processing techniques in-
cen ts in that larger values of bias charge than d ude hIghl~ -effic 1ent and wide band ¶6oustoopti c
usual were required to eliminate fixed transfer deflectIon ,~ electroopti c deflection , and one-
loss. 7 The problem can be overcome by using ion dimensional spatial Fourier transformation per-
implantation for channel stop doping and altering formed by an optica l waveguide lens .ll
the processing sequence .

For example , integrate d optical acoustooptic
III. APPLICATIONS deflection , opti cal waveguid e lenses , and an Inte-

grated wavegulde-detector such as described herein
The integrated optical waveguide and charge— can be used to perform wide band spectrum analysis

coupled device (CCII) linear imaging array struc- of electronic sign~ls by emp loying the configuration
tune is expected to find many applications In in- shown In Figure 5,’~tegrated optical signal processing device structures .

Figure 5. Integrated optical spectrum analyzer confi guration.
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~~~~~~ I I 1 1 1 1 1 1 1  I I signal processing devices will be l imited by beam: V~=4.2~~lo
’cmn/,.. diffraction or array resolution and detector dynamic

— flg i.6 range.4 In particul ar , the nature of acoustooptic
deflection and of the Four ier trans form property
of lenses causes the optical diffraction pattern
in the lens transform plane to be displaced by a
distan e s for a si gnal frequency deviation sf 5 ,

— A = 0-9 pm

‘1e Vr ~~ 
(4)

In (4) f Is the lens focal length , A is the optical

~~~~~~~~~ 

where

wavelength , n Is the wavegu lde mode effectivea — refractIve in~ex , and is the Raylei gh wave
0 - velocity . If the detector array in Figure 5 is

spaci ng of s. then Af5 Is the frequency difference

~~~~~~~~~~ As expected , smaller center-to-center Spacings are

which can be resolved by the spectrum analyzer.
The rel ationship between center-to-center spacing
and frequency resolution is Illustrated in Figure
6 for several focal lengths and typical parameters .

— ,., lf . required to resolve smaller frequency differences.
o 1cm The vertical m e  in Figure 6 corresponds to the

diffraction- limited f equency resolution for a 1

ed, further reduction in detector center-to-center
- an. aperture. Once this assymptote has been reach -

spacing cannot improve frequency resol ution. AsI I I i_I_I III I I I I H the presence of optical scattering will reduce both
395 

spectrum analyzer frequency resolution and dynamic
ô1~ (t1~ ) range , integration of the array Into the optical

wavegulde . and therby minimizing scattering
occuri ng In wavegu ide-detector coupling , w ill allow

Figure 6. Detector array center-to-center spaci ng superior performance as compared with the use of
as a function of spectrum anal yzer fre— an external detector array.
quency resolu ti on.

The integrated wavegulde-CC D detector array
Coherent laser liçht propagating In a thin-film may find additional applications based on its
waveguide is expanded and collimated prior to being inherent property of parallel entry of signal in-
i ncident on a surface elastic wave which has been formation into a CCII shift register. Optica l
exc ited by the Incoming si gnal. Surface elastic injection of parallel signals into CCDs offers
waves can be excited effi ciently on ~1l1con us in g s i gnificant advantages over electrical injection
a ZoO film In the transducer region. 2 Dlffrac- techniques , In that for the latter sophisticated
tion of light by the surface elastic wave occurs stabilized charge injection circuits would likel y
in such a way that li ght is di ff rac ted at d i f be required for each entry tap. Furthermore ,
ferent angles corresponding to different signal capaciti ve coupling limits both the proximity of
frequency components . The signal frequency range adjacent taps and the maximum usable signal fre-
of the spectrum analyzer corresponds to the band- quency for pa rallel elec tr i cal injec ti on . Para ll el
width of the surface elastic wave transducer con- optical signal injection using bul k optical waves
figuration . For a range of si gnal frequencies and alo ng wi th a mask to implement a fixed tap weight
wave intensities , the deflec ti on a ngle is transversal fi l ter has previously been denionstratedl3
linearl y proportional to the signal frequency and We anticipate that the use of integrated optical
the diffracted li ght amplitude is linearly pro- channel waveguide-detector structures could yield a
portional to the signal surface elastic wave programable device with potentially a large
amplitude. A waveguide lens is then positioned so channel density and almost complete channel isola-
as to perform a one-dimensional Fourier transform . tion . Parallel integra ted optical si gnal injection
Signal spectra l information which is represented into CCDs may al5o find application in multi-
by the angular cc~nposltion of light emerging from plexi ng other types of programable filterina ,
the surface elastic wave region then becomes repre- and memory dev i ces.
sented by the transverse spatial variation of light
in the Fourier transform plane. The intensity of
the light spatial distribution in the transfo rm IV. SUMMA RY
p lane corresponds to the signal power density
spectrum and can then be converted to an electrical Successful fabrication and operation of a
signal by means of a detector array. With the linear CCD image array integrated Into an optical
presence of a CCII in the detector array , trans- waveguide structure have been described. Data have
formation of the electrical signal from a para llel been presented with regard to the optimum array
format Into a serial format occurs in a natural element size required for the li ght wave to ~eand simple waJ . efficientl y coupled into the detector reg ion.

Minimal excessive scatter ing in the region where
~rfcrmation capacity of integrated optical
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coupling of light from the waveguide to the detector 12. F. S. Hickernel l, “Zinc Oxide Thin -Film
occurs was observed . The integrated structure Surface Wave Transdu cers .” Proc. IEEE , Vol .
that has been described herein is expected to serve 64 , pp 631-635 , 1976 .
as a basic element in integrated opti cal signal
processing devices and to provide a method for 13. N. A. Copeland , D. Roy . J. II. E. Beynon , and
parallel entry of information into CCDs . F. V. K. Dea , “An Opti cal CCII Convolver ,”

IEEE Trans Electr. Dev. Vol . ED—23 , pp 152-
We would l ike to acknowledge J. T. Garrett 155 , 1976.

for prov iding technical assistance , S. 8. Garg
for performing the polysi licon deposition , and
A. J. Van Vel thoven of the UCR Microelectronics
Division for suppl ying the device packages. Help-
ful discussions wi th II. B. Anderson and ii. C.
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NfENDIX E

Inhomogeneous optical waveguide lens analysls *

W . H. Southwell
Electronics Research Division

Rockwell International
Anaheim , CalIfornia 92803

Abstract

Gradient-index ray-tracing techniques are used to evaluate

performance of inhomogeneous opti cal waveguide lenses. Using

the thin-film waveguide parameters including the lens thickness

profile , the phase error and diffraction pattern are deri ved.

The procedure is applied to a classical Luneburg index profile

for which exact results are known . The results indicate that

better than diffraction -limited accuracy is achievable with

reasonable computer running times . A second example demonstrates

the procedure on lens profiles approximating generalized Luneburg

lenses (focal length > diameter).

*This work was supported by the Air Force Avionics Laboratory .
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INTRODUCTION

The optical waveguide lens techntlogy 1 is being developed with the

ex pec tat i on of per form ing si gnal p rocess ing functions us ing the transform

p roper ties of lenses i n an integrated opt i cs format. From an op tical

design conside ration , the problem presents new degrees of freedom as well

as some cons traints . As ide from dealing with one-dimensional apertures ,

perhaps the most significant difference results from the ability to

create inhonlogeneous refractors using homogeneous ma terials in the thin-

fi lm i ntegrated optics forma t. Furthermore, these lenses function i n an

imersed region of nonunity index . Thus , it becomes poss ib le to uti li ze

the perfect imaging properties of the Luneburg lenses which have been

known for many years .2

The basic techniques involving the focusing properties of gradient-

in dex media have been known and utilized in the microwave antenna art.

Achiev ing the diffracti on-limi ted potential of planar waveguide lenses in

the optica l region , however , may not be an easy task in practice . Thus ,

it is necessary as in the case of standard optica l design to have an

analys is and design capability . The present pape r addresses this issue .

Usin g the differential equati on for ray paths in inhomogeneous media , —

a waveguide lens ray-trace al gori thm is derived from which the optical

imaging quality may be ascertained from given or measured waveguide thick-

ness profiles. The associated phase errors are deri ved using Hami l ton ’s

angular characteristic function , from which the image diffraction pattern

is calculated. Various numerical techniques employed are described , and

some nume rical examples illustrating the procedure are included.
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WAVE PROPAGATIO N IN LAYERED MEDIA

The basis of the effective index for optical propagation is contained

in a consideration of the electric field modes in the dielectric waveguide

layers .3 In particular , we will consider the four-layer structure shown

in Fig. 1. The layers shown represent a planar structure with optical

propagation to the right. The propagating modes are the solutions to Ma xwell ’ s

equations subject to the appropriate boundary conditions. We present here

the results for the case n2 > n3 > n 1, n4.
A pplication of the boundary conditions yields the following equations:

tan(hkt + 
~~) 

= —h/p (1)

tan~ = (h/i.) tan y (2)

tan(-ikd + y )  = £/q , (3)

where k = 2ir/A and

= Vne~ 
- 

~l 2 (4)

h = Vn22 - fle~ 
(5)

q = V~’e
’
~ 

- n4 2 (6)

\fn3~ - neZ ‘n e < n3
il. = 

__________ 

(7)
Vne2 - n32 ne > n 3

where ne is the effect i ve i ndex for the optical p ropagation mode .

Using various trigonometri c identities , the boundary conditions ( 1) , (2)

and (3) may be combined into the following transcendenta l equation :

[1 - ! tan(i.kd)J tan (hkt) + .!i 
~ 

.& + tan(i.kd)]
F(ne) = +

1 - 
~~
. tan(~ kd) - t!. [ .&. + tan(i.kd)]tan (hkt)

< n3,
or 2 11
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F(ne) =

[ ( E ~~ 
+ i. e

2i.
~
d + q-i.) tan(hkt) + 

~ ([q 
+ &j e2~~ 

- q + 

~
) 

+ 
~~~ (8)

[q + i.j e2&kd + q - - ~ tan(hkt) (Eq + z] e2
~~- q + 

p

~e ~~~3•

The solution 
~e of the equation F(n 0) = 0 is the desire d effective index.

The numeri cal solution may be obtained by iteration from a starting value n°e
using Newton ’s method ,

ne
1
~

1 
f1e

1 
- 

F(n~~)

where the derivation dF/dn is also evaluated at ne
1 . Although an analyti cal

expression may be deri ved for dF/dn using implicit di fferentiation , it is

cotnputationally more efficient to obtain a numerical deri vative . The

numerical derivative requires only one additional evaluation of F(ne),

whereas the analyti cal derivati ve appears to be much more complicated.

We have thus established a means to eval uate the effective index 
~e

in terms of the waveguide parameters and the overlay thickness t, shown in

Fig. 1. Due to the possibility of higher order modes in the waveguide ,

multiple solutions for ne may result. Care should be taken to assure that

the initial starting value for ne in Eq. (9) is close to the desired

solution . Generally, when “stepping” through a changing overlay profile , -
S

the previous solution may be used as a starting point for the next adjacent

step. This prov ides rapid convergence and propagation follows the same

mode. All of the analysis in this paper assumes a single mode propagati on .

Having established the means to provide the effective index , we are

now in a position to outline the procedure for tracing a ray through a
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‘eguide reg i on of chang i ng overla yer thi ckness . For regi ons of unif orm

ver layer , the effective inde x is uniform and propagation follows a straight

line . In one step the optical path is described using conventional geomet-

rical opt lcs for these r gio ns having no index changes.

As the ray encounte rs a region of a gradient index , the ray w i ll begin

to execute a curved path. We next address the problem of determining this

curved path .

GRADIENT-INDEX RAY TRACE

We restrict our interest in this paper to waveguide profiles (and con-

sequently index profiles ) having ci rcular symmetry . Consider the ray path

shown in Fi g. 2. The position vector r is descri bed in a coordinate system

wi-u its origin at the center of symmetry of the index profile. The position

of the ray is described by the components of r. The direction of the ray s

is given by the instantaneous tangent to the curve ,

r = x~ + y j

— lim ~rS - 

~s.O ~~ c t l  +
~~~3

The quantities ~ and$are also called the direction cosines of the ray .

The ray tracin g p rocedure descri bed here follows , with some modi fications ,

that published by L. Montagnino .4

Suppose we know the initial ray position (x0,y0) and direction ~~~~~~~

at one point in space . To find the position in a close neighborhood , we

expand r(s) in a Taylor ’ s series about the known point. The argumeit s is

~~~~ the scaTar distance along the path . The vector s is a unit vector in the

direction of the tangent.
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2 3dr 1 d r  2 l d r  3
r(s0 + As) — r(s0j + — ~ts + 

~
-j - — (As) + (ts) .. . (10)ds ds~ 3 !ds 3

s=s o ~
=
~ 0

The firs t derivative dr/ds is the ray vector s, and the second derivative

is the curvature vector K = d2r/ds2 = ds/ds. Thus , the ray vector obeys

the expansion

s(s0 + As) = s(s0) + K(As) + 1 dK (As )2 + ... (ii)

The require d deri vatives are obtained from the differential equation for the

ray position in a gradient i ndex medium ,

.
~
j. [n 

~~~~] 
= vn , (12)

where vn is the index gradient

= -~~~~. I + .
~~~~

- j . (13)

Expanding Eq. (12), we obtain the curvature vector

K = 
~~

- [An - (v n .s ) s ] .  (14)

Before obtaining the last required deri vative dK/ds , we rewri te Eq. (14),

making use of the symmetry in n

K = f(r) [r - (r . s) S 3 , (15)

where

f(r) =~~~~~~~~ . 
(16)

Differentiating Eq. (15), we have

~~~~
- = -

~~~~~ (s . r)[r — (r . s)s] — f[(r . K)s + (r . s)K] , (17)
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where we have used the general relationships ,

= s ‘ vg, vg(r) = ~ ~~~~
- r . (18)

The ray tracing algorithm , therefore, is as fol lows :

(1) From the known position and directions (x 0, Yo ’ ~~ ~
) and index gradient ,

evaluate the curvature K and its derivati ve , Eqs. (14) and (17) at that

point.

(2) Select an incremental step size ~s and evalua te the new position and

angle from Eqs. (10) and (11).

(3) Considering our new position and angle as known , go back to Step (1) and

repeat the sequence until the exit surface is reached or until the region

is encountered when the index gradient vanishes .

We note that this algori thm require s the index , the gradient dn/dr, and the

second derivative d2n/ dr2 at each point. It is necessary to discuss how

these are obtained.

The assump tion is that the only known quantities are the waveguide

parameters of Fig. 1 , inclu ding the outerlayer profile. This thickness

profile is either taken from measurements or othen~ise specified .

The previous section describes how the index is evaluated as a function

of the planar posi tion of the ray . The required index derivat i ves are

perhaps most easily prov i ded using numerical derivative approximations ,

= 
~~~~~~~ [n(t + At)  - n(t - A t ) ]  (19)

d2n 
= 

1 
2 [n(t + At) - 2n(t) + n(t - At)] (20)

dr (At)

where t = t(r) is the given thickness profile.
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EXIT BOUNDARY LOCATION

It is necessary to consider the prob lem of precisely locating the ray

position as it exi ts the lens region . For computati onal efficiency , the

step size A5 is large compared to the requi red ray tracing tolerances .

Thus , an interpolation is require d once the ray has stepped outside the

lens.

The procedure we take for locating the edge is as follows . We fi rst

define the function F

F = r0
2 

- r2 , (21)

where r0 is the lens radius and r2 = x2 + y2 as determined by the ray posi-

tion . By considering the las t point inside the lens as the base point , we

see that r becomes a function of the step size ~s. The function F then may

be cor’;idered a ft~nction of As , F = F(As). The problem of locating the edge

is then solve d by finding the root AS that makes F(As) = 0. This may be

done using Newton ’s method

(As) = (As) - F/dF . (22)e 0 / d(As)
AS = As0

Since the functional dependence of F on As is given through Eq.(lO), we have

= - 2r ‘ dr = - 2r . s . (23)
a (AsJ d(As)

In itially (As)0 
= 0 at our base point inside the lens and the deri vative in

Eq. (22) has already been evaluated. It is thus a simple matter to apply

Eq. (22) unti l F~ lO _8 or some p rescr ib ed small quant i ty.

We have now es tab lishe d the genera l procedure for ray tracing through

the wave guid e lens . But we have not , as yet, specified a value for the

s tep size ~s. To do this , le t us re turn to a d i scuss i on of the conve r gence

properties of the above ray tracing algori thm .
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CONVERGENCE AND AN EXTRAPOLATION TECHNIQUE

There are two factors to be considered when dete rmining a value for the

step size As. They are computing time and accuracy . It is important to

know the accuracy of the ray heights as they leave the lenses. If the rays

are being plotted and visual accuracy is sufficient , then the step size is

easily determined. The ray trace may be repeated, each time reducing the

step size a factor of 2, until no changes are visible on the plot.

However , when tracing diffraction—limited systems, it is necessary to

have confidence that the ray trace will provide an exit height accurate to

some fraction of a wavelen gth . This may require extremely small step size

and , consequently, long computing t ime. We , therefo re, su ggest the follow-

ing extrapolation technique for achieving the desired accuracy wi th reason-

able step sizes .

FQr sim plici ty, let h = As be the step size. Consider the ray exit

hei ght y as a function of the (small) step size h , y = y(h). The problem

is to estimate the val ue of y for the limi t as h approaches zero. This

suggests a TayTor ’s expansion.

r y(h) = y(o) + h + 
~~

- .!Lf h2 + . . . (24)

If we assume h is smal l enough that the first three terms of the expans ion

suffice, then we may pick an h , trace the ray and determine y(h) = y1 .

But there are three unknowns in Eq. (24). Thus, we perform two more ray

traces , each time reducin g h by a factor of 2, to gi ve us Y2 and y3. This

gives us the set of linear equations :

Yl = dl + a2h + a3h2

Y2 = a~ + a2h/2 + a3h2/4 (25)

y3 = ai + a2h/4 + a3h2/l6
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In ma trix notation ,

y = H a , (26)

which has a solution

a = y, (27)

where the matr i x H is

/ 1 h h2

H = 
( 1 h/2 h2/4 ) . (28)

1 h/4 h2/l6/

If we choose h = 0.025, then

/ 1/3 -2 8/3 \
H 1 

= ( -80 400 -320 ) . (29)

\4266.7 -1 2800 8533.3 /

The :olution for a~, wh ich is the desired estimate y(O), is

y = yl/
~ 

- 2y~ + 8y3/3 . (30)

Equation (30) is the extrapolation formula. Notice that it is a weighted

mean of three ray-traced values and that the sum of the weights is unity .

Furthermore, it turns out that these weightin g fac tors are the same for any

value of h used to trace y1. The validity of Eq. (30), of course , depends

on h being small enough such that the expansion (24) is valid.

To demonstrate the gradient index algorithm and illustrate the extra-

polation technique , a class ical Luneburg 2 lens index profile was traced.

The in oex profile is given by

n = n0 ~~~ (r/r0)2 , (31)
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where r0 is the lens radius and n0 is the imersion index. The example was

chosen because all parallel rays incident on the left are known to come to

perfect focus on the optical axis at the edge of the lens. Also, the index

gradients are higher than those encountered wi th longe r focal l ength lenses .

Figure 3 shows six rays traced through this classical Luneburg lens .

We next investigated the ray exit height for the lower ray shown in

Fig. 3. In this case, this exi t height also represents the ray trace error

since the true height should be zero. Figure 4 is a plot of the ray trace

— error as a function of the ray trace step size for a Luneburg lens wi th a

radius of 2 cm (the computation of all the work reported in this paper was

performed on a Hewlett Packard 9830A calculator). The tabulation in Table I

shows the results of the first three ray traces of that ray.

TABLE I. Exit height y for various step sizes h

h(cm) y(cm)

0.1 8. 65078 x lO~~
0.05 4. 18073 x lO~~
0.025 2.05583 x l0~~

Using the e~xtrapo1ation (30), we obtain y = 4.3466 io
_6 

cm. This result

is well with in diffraction-limited ray trace accuracy .

Being satisf ied that the numerical ray trace procedure is capable of

diffraction-limited accuracies , we next proceed to determine the diffraction

patterns i~ the image surface.
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WAVEFRONT ERROR

For systems which are near diffracti on limi ted, the spot diagrams

determi ned by ray tracing are not adequate for comparisons to actual measured

image patterns. This occurs because the ray trace itself does not account

for diffraction effects. We surmount this problem by employing a technique

to determine the phase errors from the ray trace data. These phase errors

are then expressed in a pupil function (whi ch is a functi on of the pupil

coordinates). The pupil function is then Fourier transformed and squared

to form the image diffraction pattern.

To deri ve the wavefront errors from ray trace intercept data, we draw

upon the theory of Hamilton ’s angle characteristi c function.5 The angular

characteristi c function T(~) represents the opti cal path length along

the path through the system descri bed by the entrance height y0. This

function is also expressed as a function of the exi t angle ~~. The theory

states that the ray i ntercept error y in the image plane is given by

y = -
~~~~~~~~ . (32)

To utilize this theory, we assume that the opti cal path length may be ex-

pressed as a power series in the exit angle coordinate ~,

i = cl~
2 

+ c 284 + c386 + . . . (33)

Since we are dealing with symmetric systems we consider only even powers of

B (the coefficients in this expansion are related to the usual aberrations;

that is , the quadratic error, c~ corresponds to defocus and the other co-

efficients are related to various orders of spherical aberration).

To determi ne these coefficients, we trace a number of rays and record

the intercepts and the exit angles yj,Bj- These data points are then fit in

a least-squares fashion to the function
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= (2c~e + 4c2B3 + 6c3~
5 

+ . . .) . (34)

This procedure determines the c coefficients for the opti cal path length in

Eq. (33).
S 

Prior to fitting the intercept data to the expression (34), it is con-

ven ient to fi rst normalize the B ’s. By doing this , the wavefront error

function (33) is then automatically expressed in terms of normalized aperture

coordinates. The preceding statement is valid strictly for systems wi th a

linear relationship between aperture and exi t angle. Although this is only
S 

approximately true , it is sufficien tly close for our case

The phase error is 2ir/A times the op tica l path error. Fig ure 5 is a

plot of the phase error of the Luneburg lens of Fig. 3 using the extrapol a-

tior~ Eq. (30) on the rays with As = 0.1 cm for the Initial step size. Since

we expect zero phase error, the amount shown represents the residual ray

tracing error. We note that it is considerably less than ir/4 and consequentl y

represents a diffraction-limi ted wavefront.

The pupil function is give n by the expression

P = exp[i2liT(y/y0)/xJ, (35)

where the function I is expressed in terms of aperture position y.

It may be shown6 that the square of the Fourier transform of P yields

the irradiance diffraction pattern in the image plane. This is performed

using the discre te fast Fourier transform algorithm. Figure 6 is the

diffraction pattern for the Luneburg lens as traced in Fi gs. 3 and 5.

To further test the system, we moved the detector plane slightly away

from the edge of the lens and repeated the eva l uation. The corresponding

phase error is shown in Fig. 7 and its diffraction pattern in Fig. 8.
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EXAMPLE OF THE GENERA L PROCEDURE ON A WAVEGUIDE PROFILE

We conclude by presenting an example of how this ray trace technique

may be used to illustrate the effects of various waveguide profiles on

image quality .

Suppose we have a profile described by the relation ship t=t0
cos~

’8 (lir/2r0) as shown in Fig. 9. This profile yields an approximation

to the index distribution for the generalized Luneburg lens given by

Morgan.7 The exact solution would give a perfect focus in an image sur-

face outside of the lens boundary . Using the techniques descri bed in this

paper and the waveguide parameters shown in the fi gure caption , a number of

rays were traced through the system. Figure 10(a) is a plot of these rays .

We next alter the lens profile to follow a cos 25 (lir/2r0) dependence . The

results of the trace are plotted in Fi g. 10(b). We see how the effects of

the shape of the knee of the lens profile affect the spherical aberrati on.

Finally, we plot the lens profile wi th a cos 2’’ (iirJ2r0) dependence shown

in Fig. 11(c).

CONCLUSIONS

The above example demonstrates the potential of this analysis tech-

nique in designing and fabri cating waveguide lenses. When used in

conjunction with laboratory measurements , the skill in producing waveguide 
S

lenses with desired properties is greatly enhanced . Both the input

qualities (the lens profiles) and the output quantiti es (ray plots and

image diffracti on patterns) are in terms of measured quanti ties.

The algori thms presented are designed to be computationa lly efficient

and have di ffraction-limi ted accuracy.
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Substrate n4

Figure lE. Cross-Section of Multilaye r Planar Dielectri c Waveguide .
Optical propagation is from left to right.

Figure 2E. Ray Path Geometry Showing Ray Positi Vector r and the
Ray Vector s. The Scalar 5 is the distance Along the
Path and the Vector s is a Unit Vector Tangent to the Path.
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Figure 3E. Plot of the Ray Paths Traced Through the Cl-’ssical Luneburg
Lens Described by Eq. (31).
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Figure 4E. Plot of the Ray Trace Error as a Function of the Step Size
AS for a 2 cm Radius Classical Luneburg Lens Shown in
Fig. 3E. It is Shown that Extrapolation Techniques can
Yield Required Accuracy wi thout Using Extremely Small Step
Size .

225

L ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



- _

+ 1 1

+ 7r/2

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
—-

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

-

71

Figure 5E. Wavefront Phase Error in Radians in the Exit Pupil of the
Luneburg Lens of Fig. 3E as Derived from the Ray-Trace
Technique Using A=O.633j~. This residual phase error is
due to the numeri cal ray—tracing , but may be made as small
as desired at the expense of more computer running time.
However, the error shown is withi n the diff raction limit.

0 dB

Figure 6E. Diffraction Pattern Showing the Log of the Int en -~ity in th~It~ u~ Surface for the Lunebur q Lens ~1 Fi gs, ~L and ~[ .
Th~s pattern agrees with the sinc function squared .
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Figure 7E. Ptiase Error of the Luneburg Lens of Fi g. 3E Defocused by
0.51. .

0 dB

Firj u r~ 8E. Di ffraction Pattern Resultin g from Defocused Lunebur g
Lens Shown in Fig . 7E . A 64—point fast Fourier transform
algorithm was ~sed to genera te this pattern .
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Fi gure 9E. Wave guide Layer Profi l~ 5Represented by cos~~
8 Depen dence

(upper curve ) and cos~ Dependence (lower curve). Referring
to Fig. iE , the other waveguide parameters used to trace
this lens are : n1=l , n2=2, n3=l .565, n4=1 .47, d=O .75p, andA =O.633 ~.
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Figure b E .  Ray ~ ots of Waveguide Lens Described in Fig. 9E: (a) with
cos~ dependence profj,1~ ; (b) wi th cos•25 dependence
profile; (c) with cos .~ h dependence profile.
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~PPEt1DIX F

Index and waveguide thickness profiles

for

generalized Luneburg lenses*

W. H. Southwell
Elec tron i cs Resea rch Di v i s i on

Rockwell International
Anaheim , California 92803

ABSTRACT

An analytical approximation is derived which provides a

transcendental relationship for the spherically symmetric in-

homogeneous index distribution which perfectly focuses infinite

objects . Using this expression , the index profiles (called

generalized Luneburg lenses) were calculated for lenses having

f-numbers down to f/l. It is shown through a ray-tracing ex-

ample that these profiles have sufficient accuracy to provide

diffraction -limited performance in the optical wavelength

reg ion. An ex press ion i s also der i ve d for the lens overla y film

thickness profile on an optical waveguide in terms of these

generalized Luneburg lens index profiles.

* This work was supported by the Air Force Avionics Laboratory .
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INTRODUCTION

In genera l1 , a Luneburg lens is a variable - index , spherically symmetric

refracting structure which will form perfect geometrical images of two given

concen tric spheres on each other . One of the s pheres may be of i nfini te

radius , in which case the lens will perfectly focus a parallel beam of rays .

Luneburg2 derived an integral equation for these symetric i ndex profiles.

He then solved it ex plici tly for the case of focusing a parallel beam to an

image surface coincident with the edge of the lens. We refer to this well-

known refractive index d istribution , n = ~i~Jr
2, whe~’e both n and r are

normalized to unity at the edge of the lens radius , as the “classical ”

Luneburg lens. By “generalized ” Luneburg lenses , we refer to those havin g

image surfaces located at distances greater than one lens radius from the

center of the lens.

Morgan 1 formal i zed the problem more generally tha ’ Luneburg by allow-

i ng index di scontinu it ies . His solut ions are also expressed in terms of

S integral equations.

Interes t in these generalized Lunebu rg lenses has arisen in integrated

optics for application to Fourier transform si gnal process i ng func ti ons 3’4.

Zern i ke5 demons trated a classical Luneburg lens on an optical waveguide.

Variations in waveguide overlay thickness result in changes in the effective

refractive index for opti cal pro paga ti on i n the wave guide . Such thi ckness

changes provi de the i ndex gra di ents requi red for t~e thin -film Luneburg lenses .

Th is is , in effect , a means of obtain i ng the ra ther lar ge i ndex i nhomo gene i t i es

needed us i ng a homogeneous opti cal med ium . General i zed Lune burg lenses have

been demonstrated as waveguide beam expansion systems and as Fourier trans-

4,5fo rm l enses .
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The problem which we address in this paper is to specify the Luneburg

l ens index profile and , subsequently, to specify the corresponding over-

lay waveguide thickness profile. Figure 1 illustrates the optical wave-

guide parameters.

We report in this paper an analytical approximation for Luneburg ’s

integra l equation from which the i ndex profile for the generalized Luneburg

lens may be extracted to sufficient accuracy to ray-trace optica l wavelengths

to diffraction-limited performance. This expression was derived as an ex-

pansion based on a considerati on of known behavior at certain limits . The

expression consists of five parameters which depend on the focal length .

Two of these parameters may be determi ned from the “boundary ” limits and

the others are determined using a least-squares procedure . This analytical

expression provides a convenient means for obtaining the index at any r for

ray-tracing purposes . It also provides a means of conveniently determining

integrated optics Luneburg lens thickness profiles .

Plots and tabulated values for Luneburg lens i ndex and waveguide over-

lay thickness profiles are presented . Using a ray-trace procedure described

in another paper~ the example herein demonstrates that the phase errors

resulting from these inciex profiles are less then di ffraction limi ted.

NUMERICAL INTEGRATION OF THE INTEGRAL EQUAT ION _FOR GENERAL IZED LUNEBURG LENSES
A spherically symmetric index distributi on n(r) which gives a perfect

image of an infinite object satisfies 2 the integra l equation

n = exp [w(p, s)] , (1)

where o=rn and
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= dx . (2)

It i s assume d th a t r i s normalize d w it h res pect to the rad i us of the lens

region such that O~r~l . ~t i s a l so  assume d tha t the lens i s i mmerse d i n a

homogeneous waveguide med i um of n0 and that n above is normalized with res-

pec t to r~0 such that l~ n. The quantity s is the image distance as measured

from the center of the lens , so tha t l~ s. The full aperture f—number for

these lenses turns out to be s/2 for 2~s.

For the case s=l , where the image surface is located at the edge of the

lens i tself , the above i ntegral may be evaluate d in close d form . Th i s yi el ds

the “class ical ” Luneburg lens

n = ~~f~~~
2 (3)

For generalized Luneburg lenses (longer focal lengths) , we must deal

wi th the -; itegral in Eq. (2) directly. To do this , we f i rs t perform a chan ge

of variables ,

1 
1 ~ sin~~(~±~)w(p,s) 

~f 
( 2 ) 1/2 V2 dy . (4)

We may now remove the y~~
”2 singularity by performing an integration by parts ,
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r . .~~~~~~~~~~~~~~~~~~~~~~~ -s. -

w ( p , S)  = 1 
[2 

sin~ (
~
) ~~~~~~~ -f ([s

2~(Y+ . )2] 
-1/2

(5)

sin~ (~j .a)\ y1”2dy
- 

(y+2p ) ) (y+2p )h/2

Al though Eq. (5) appears more complicated , it is actually “well -

behave d ” and may be eas i ly evaluate d numer icall y. Table I is a tabulation

of the quantity w(p,S) for var ious values of p and s . The i ntegra ti on was

performe d by dividing the interval into four equal regions and using a 32-

point Gaussian quadrature7on each region. The numbers given are believed

accura te to better than one part in the six th dec imal p lace .

AN ANALYTICAL APPROXIMATION FOR w (p, s)

At th i s point , we observe that performing an extremely accurate numer i-

cal integration to evaluate w(p,s) is cumbersome. Furthermore , the quant i ty

obta i ned is not the i ndex as a function of rad ial pos i tion r , but is a func-

tion of p=rn. Thus , the desire d index distri bution is still imbedded .

It is desirable to derive an analytical expression to rep resen t or ap-

prox imate the funct i on w ( p, 5) to the required accurac y. To gain some insi ght

into the functiona l form of such an expression , we investigate the limiting

behavior of Eq. (5) as p-*l , which is near the edge of the lens . The i nte-

grand in the integral of Eq. (5) approaches zero as y~~
2÷o, thus the integra l

portion behaves as (l-c) 3~
’2. But this is a higher order term compared to

the first term on the right side of Eq. (5). Thus , in the limit as ~--.i ,

— .- ( ~~,s )  behavec ac
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w(p, S) = ~1E sin 1 (
~
) (1-p) 1

~
’2 

. (6)
p-”.1

Furthermore, we are led to believe that the next order term will have a

(1-p)3”2 behavior which suggests the form

w(p,S) = p1(l~p) L’2 
+ p2 (1-p) 3”2 + p3 (l-p) 5”2 

+ p4 ( l-p) 7”2 
+ p5(l-p )

9”2 (7)

We have already established that

p1 = :~Li~i sin _l (~-) . (8)

Another constraint is that the function must reduce to the correct

value at p=o. From Eq. (4), this value is

1/s

= ! f ~~-~-~~-----~~ - dx , (9)

where we have applied another change of variables. The inverse sine in Eq. (9)

may be expanded in a series and the integration performed term by term . This

l eads to

~(o ,s) = 

[
~~i 

+ 2~3•3 ~ 
+ 2:4~55 

+ 2 4 6 ~7~7 
~~~~~ 

. (10)

The function w (O,S) also determines the va l ue of the index at the center of

the lens through the relati on n=exp [w(o,s)] which is also its max imum value.

Ta b le II is a tabulation of w( O ,5) using Eq. (10) and the maximum index values.
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We note that the values of w(o,s) using Eq. (10) agree wi th the values ob-

tained by numerical integration of Eq. (5) as listed in the p=o row of

Table I.

Returning to Eq. (7), we see that w(o,s) equals the sum of the co-

efficients . Thus , we may specify

p5 = ~i(o,s) — p1 - p2 - p3 - p4 . (11)

With Eqs. (8) and (11), only three of the p coefficients are as yet unspeci-

fied . To determine these remaining coefficients , we fit the data given in

Table I to the function ü~(p,s) given by Eq. (7). The probl em is a linear

least—squares curve-fi t and the solution is readily obtained . Notice that

more points are included near the p=l region in order to more heavily weight

the region when the greatest change is occurr i ng . Table III is a tabulation

of the results of the curve-fit for the 29 “da ta” points determined from the

numerical i ntegration of Eq. (5). In performi ng the curve-fi t, p1 was also

allowed to vary in order to economize the fit. We note , however , that the

best-fit value for p1 agrees very wel l with the value predicted by Eq. (8).

GENERALIZED LUNEBURG LENS INDEX PROFILES

Havin g an analytical expression for w(p,s), we are now in a position to

extract n(r) numerically for any specified value of r. To do this , we define

a function F,

F(n) = exp[w(p,s)] — n. (12)

For a given r, we extract the value of n that makes F(n) vanish using Newton ’s

i terative method. A tabulation of results is given in Table IV. Plots of
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these prof i les are s hown i n Fig . 2.

The a bili ty to provi de a numerical value of n for a gi ven r i s us eful

for ray tracing these genera li zed Luneburg lenses . In add i t i on to a

numer i cal v a l u e  of n , the ray-trace al gori thms6 a l so  requ i re va lues  for

dn/dr and d2n/dr2. Even though the above procedure provides only a numeri-

cal value for n(r), we are able to derive analyt ical ex p ressions for dn/dr

and d2n/dr2 in terms of r and the numerical value for n. This is done using

imp l icit differentiation of Eq. (12) using Eq. (7) for w(p ,s). The results

are

2dn 
= 

- n G  , (13)r 2(1-rn) / +nrG

d2n - 2~~[G
2(l~ rn)1~

’2+HJ 
+ 
2 fdn \ 2 14)- 

j2(l_ rn ) ’/’
~
+r,rG
1 

fl

where

G = p1 + 3p2(l-rn) + 5p3(l-rn)
2 

+ 7p4(l-rn)
3 

+ 9p5(l-rn)
4 , (15)

and

H =-p 1 + 3p2(l-rn ) + 15p3(l-rn)
2 

+ 35p4(l-rn)
3 

+ 63p5(l-rn)
4. (16)

WAVE G UIDE LENS THICKNESS PROFILES

The equat i ons6 governing the relationship between the effective index of

refraction n for the TE mode and the lens overla y thickness t (see Fig. 1) on
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r __

an integrated optics planar waveguide are ,

[1 - ! tan(zkd )] tan(hkt ) + .~~ + tan (~ kd)]

[1 — ~~
. tan(~ kd)] - .

~ 
[
~

- + tan (,kd)] tan(hkt)

—

~~~~~ 

= ( 1 7)

[ (q+~)~~2~~ + q~~]
tan (hkt ) + 

~~~ 

[~
q+
~)~~

2
~~ 

- q+2s]

S ~~ 
~~~~~~~~~ 

+ q-i] - ~ tan(hkt) [(q~~~~~kd~~ q+]~~ 
n?n 3

where k = 2~r/~ , d i s the wave gui de thickness , and

= ~~2 - n1
2

h = ~~(n2
2 _ n 2

q = ~~~ - (18)

~ ~!~~2 - n2 n<n 3

— n3
2 n�n3

The indices used in Eq. (18) are as follows :

is the outer index (n1 = 1 , usually air) , n2 is the bulk index of

the lens overlay material , n3 is the bulk i ndex of the waveguide

- 

. 
. material , and n4 is the substrate index .

Al though Eq. (17) is a transcendental equation when determining n for

-

- a given t, it may be solved explicitly for t as a function of n ,
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h [1 - ! tan (~kd)] + - tan(~kd)]
n<n

= 

tan~ h2[z - tan(z:d)] - p [i - . tan (zkd)] 

2~kd 

(19)

h [(q + 

~)e + q - + 
~~~~~ [~

q + 

~)e - q + n?n3.
-l 2 2ikd 2~kdtan 

~ [(~ +~)e - q +
~~]- p [ ( q + ~~)e + q -  ~

Consequently , with the above numerical determination of n(r), the lens

thickness profile is given by Eq. (19). Table V is a tabulation of the

overlay thickness for the waveguide parameters shown . The refractive indices

in decreasing value are representative of Ta2O5, Corning 7059 glass and SiO2.

Figure 3 is a plot of these profiles.

DISCUSSION

From an exam ination of the sum of the residual errors for the best-fit

parameters as shown i n Table III , we see that better fits are obtained for

the larger values of s . This means tha t fewer terms in the expans i on i n

Eq. (7) could be used and still provide adequate accuracy for the larger s

values.

It also appears that it may be possible to parameterize all the p-

coeff icients as functions of s . Th i s may be done by ei ther cons i dering

hi gher order terms in the expansion of Eq. (5) or by a curve-fitting process

of the best-fit parameters .

We have not pursued the above suggestions for further simplifications.

The parameter formulation and the technique for determining their values

have proven to be quite sa ti sfactory .

To test the accuracy of the approximation of Eq. (7), we ray-traced the

s=2 case using a recentl y d evelo ped proce dure 6 that provides phase errors
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and image diffraction patterns. Figure 4 is a plot showing six raystraced

through the lens . Nineteen rays were traced and the resulting pupil phase

error at A = O.9~. was determined. The result is shown in Fig. 5. The cor-

responding intensity diffraction pattern is shown on a logarithmic scale

in Fig. 6. We note that the index as derived from Eq. (7) produces dif-

fraction-limited results . The phase errors for the hig her value s of s are

even less.
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TABLE I. THE FUNCTION w (~~,S) USING NUMERICAL INTEGRATION OF EQ. (5)

Focal Length (from center of lens)
p = nr s=2 s=3 s=5 s=9

O 0.161532974 0.106778890 0.063805003 0.035392104

0.05 0.161342261 0.106648497 0.063725803 0.035347899

0.10 0.160769336 0.106256851 0.063487944 0.035215145

0.15 0.159808733 0.105600483 0.060389404 0.034992731

0.20 0.158451834 0.104673946 0.062527016 0.034678922

0.25 0.156686071 0.103469292 0.061796158 0.034271183

0.30 0.154494419 0.101975755 0.060890568 0.033766077

0.35 0.151854652 0.100179276 0.059802058 0.033159113
0.40 0.148738270 0.098061820 0.058520124 0.032444524

0.45 0.145108972 0.095600405 0.057031366 0.031614952

0.50 0 140920465 0.092765706 0.055318671 0.030660993

0.55 0.136113226 0.089519984 0.053359994 0.029570529

0.60 0.130609596 0.035813951 0.051126507 0.028327704
0.65 0.124306009 0.081581790 0.048579670 0.026911308

0.70 0.117060059 0.076732851 0.045666328 0.025292067

0.75 0.108667412 0.071136813 0.042309951 0.023427811
0.80 0.098816687 0.064594618 0.038393469 0.021253986

0.85 O.0869R9O77 0.056773724 0.033720994 0.018662513

0.90 0.072186077 0.047032184 0.027913781 0.015444290

0.91 0.068702784 0.044746660 0.026553125 0.014690614

0.92 0.064982368 0.042308139 0.025102071 0.013887006

0.93 0.060981056 0.039688340 0.023543894 0.013024222

0.94 0.056638918 0.036848515 0.021855673 0.012089597

0.95 0.051869952 0.033733031 0.020004490 0.011064939

0.96 0.046542594 0.030256728 0.017939945 0.009922388
0.97 0.040436101 0.026276641 0.015577406 0.008615163

0.98 0.033121510 0.021514796 0.012752276 0.007052273

0.99 0.023495253 0.015255661 0.009040778 0.004999423

1.00 0 0 0 0
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TABLE II. THE FUNCTION w (o ,s) USING EQ . (10) nmax = exp[w(o,s)]

s u(o,s) nmax (r0)

2 0.161532974 1.17531121

3 0.106778890 1.11268820

4 0.0798585731 1.08313387

5 0.0638050027 1.06588453

6 0.0531341389 1.05457109

7 0.0455246840 1.04657684

8 0.0398234213 1.04062701

9 0.0353921041 1.03602586

10 0.0318487205 1.032361 32

17 0.0187277137 1.O’89O4l8
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TABL E III. RESULTS OF FITTING EQ. (7) TO THE DATA IN TABLE I.

The values listed for SUM are the sum of the squares of the
errors for the 29 points. p

5 
was determined by Eq. (11).

s=2 s=3 s=5 s=9

SUM 3.910lx l0~~’ 5.8l34xlO~~
2 1.7893xlO~~

2 5.35l2xl0 13

p1 0.235687835 0.152976535 .0906399959 .0501194645

~2 
-7.47500358xl0 2 -4.2249406lx10 2 -2.34300068x10 2 -1 .26356394xl0’2

p3 6.72894476xl0 3 —l .93l75l72xl0 3 -2.5l l000l7xlO 3 -l .63934418xl0 3

p4 -5. 14447054xl0 3 -8.25244897xl0 4 -l .49l92458xl0 4 -4.0794709lxl0 5

p5 —9.89299661xl0 4 -1 .l9l24255x10 3 -7.447937l7xl0 4 -4.ll582122xl0 4
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TABLE IV . NORMALIZED REFRACTIVE INDEX PROFILE S FOR GENERALIZED LUNEBURG LENSES

r s=2 s=3 s=5 s=9 
-

O 1 .1753112 12 1.112688200 1.065884534 1.036025859

0.05 1.174999407 1.112507930 1.065788087 1.035976411

0.10 1.174071705 1.111969546 1.065500332 1.035828873

0.15 1.172521576 1.111069129 1.065018948 1.035581965

0.20 1.170340993 1.109801290 1.064340603 1.035233817

0.25 1.167519780 1.1081 58811 1.063460759 1.034781859

0.30 1.164044879 1.106132212 1.062373426 1.034222692

0.35 1.159899514 1.103709214 1.061070836 1.033551908

0.40 1.1550621 56 1.100874045 1.059543028 1.032763858

0.45 1.149505212 1.097606509 1.057777265 1.031851324

0.50 1.143193243 1.093880684 1.055757219 1.030805062

0.55 1.136080437 1.089663045 1.053461790 1.029613132

0.60 1.128106836 1.084909633 1.050863316 1.028259883

0.65 1.119192434 1.079561599 1.047924746 1.026724355

0.70 1.109227400 1.073537799 1.044594938 1.024977603

0.75 1.098054844 1.066721643 1.040800259 1.022977928

0.80 1.085437716 1.058935566 1.036428193 1.020661529

0.85 1.070987513 1.049884988 1.031290974 1.017921692

0.90 1.053981685 1.039009952 1.025027636 1.014552365

0.91 1.050159236 1.036524794 1.023580201 1.01 3768729

0.92 1.046155078 1.033902395 1.022045349 1.012935510

0.93 1.041942017 1.031119755 1.020407545 1.012043672
0.94 1.037484456 1.028146025 1.018645667 1.01 1080865

0.95 1.032734249 1.024938133 1.016729693 1.010029408
0.96 1.027623448 1.021432662 1.014614324 1.008862349

0.97 1.022050589 1.017529080 1.012225136 1.007534739

0.98 1.01 5851602 1.013049431 1.009422596 1.005960167

0.99 1.008726930 1.007614146 1.005874179 1.003921693

1.00 1 1 1
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TABLE V . OVERLAY THICKNESS IN MICRONS FOR OPT iCAL WAVE GUIDE LUNEBURG LENSES
The waveguide parameters are n 1 l , n2 2.l , n3=1.565 , n4=1.47 , d l .O665~, and

r
(cm) s=2 s=3 s=5 s=9

O 0.2191 0.1591 0.1223 0.0979

0.05 0.2187 0.1590 0.1222 0.0979

0.10 0.2177 0.1585 0.1220 0.0978

0.15 0.2160 0.1578 0.1216 0.0975

0.20 0.2135 0.1567 0.1211 0.0972

0.25 0.2105 0.1554 0.1204 0.0968

0.30 0.2068 0.1537 0.1196 0.0963

0.35 0.2024 0.1518 0.1186 0.0957

0.40 0.1975 0.1495 0.1174 0.0949

0.45 0.1920 0.1469 0.1160 0.0940
0.50 0.1860 0.1440 0.1141 0.0930

0.55 0.1794 0.1406 0.1126 0.0918
0.60 0.1722 0.1370 0.1105 0.0905

0.65 0.1646 0.1328 0.1081 0.0888

0.70 0.1563 0.1282 0.1054 0.0869
0.75 0.1472 0.1229 0.1022 0.0846
0.80 0.1374 0.1169 0.0983 0.0817
0.85 0.1262 0.1097 0.0935 0.0780
0.90 0.1130 0.1006 0.0870 0.0727

0.91 0.1099 0.0984 0.0853 0.07 13
0.92 0.1067 0.0960 0.0835 0.0697
0.93 0.1031 0.0933 0.0814 0.0679
0.94 0.0993 0.0903 0.0790 0.0657
0.95 0.0949 0.0869 0.0762 0.0632
0.96 0.0898 0.0827 0.0728 0.0601
0.97 0.0835 0.0774 0.0682 0.0559
0.98 0.0749 0.0699 0.0616 0.0499
0.99 0.0597 0.0562 0.0496 0.0395

1.00 0 0 0 0
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Figure lF. Cross-Section of Multilayer Planar Dielectri c Waveguide .
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Normalized Radial Position

Figure 2F. Index Profiles for Generalized Luneburg Lenses . From top
to bottom , the lenses have full aperture f-numbers of f/i ,
f/l.5, f/2.5, and f/4.5.
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Figure 3F. Wavegufde Overlay Thickness Profiles for the Generalized
Luneburg Lens Profiles Shown in Fig. 2F for the Waveguide
Parameters Listed in Table V.

Figure 4F. Ray Trace of the s=2 Generalized Luneburg Lens Using the
Index Profile Derived from Eq. (7).
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