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I. INTRODUCTION AND SRGGARY (W. B. sridges)
A. Susmary and Rssults

Duzing the second year of this contract to study dielectric vave-
guides, two major tasks were pursued. Pirst, a method of computing the pro-
pagation constants and the field distributions for the modes of dielectric
waveguides of arbitrary cross section and arbitrary dielectric constant was
developed, based on the method of finite differences. This technique was
applied to a round dielectric waveguide so that a comparison could be made
with a case for which a rigorous exact solution is known. The technique was
also applied to rectangular and square wvaveguides and compared with the .
approximate solutions of Msrcatili and others. A brief description of the
method and scme of the results are given in Sectiom II of this report. MNore
details appear elsewhere (see Section C below).

The second major task undertaken this year was the examination of the
feasibility of using nonlinesr or electro-optic materials in dielectric
vaveguide form to realize useful functioms. As a specific example of such a
component, an electro-optic phase shifter was oonstructed using a lithium
nicbate (LiMbO,) waveguide. Low frequency voltages applied to electrodes
forming a portion of the waveguide structure induced phase shifts in the
94 GHs signal propagating along the waveguide. Approximately one
radian of phase shift could be obtained with applied electric fields well

: below the breakdown value for the LiNbO, dielectric. Other camponents, such
}‘ a8 electronically scanned antennas and electronically tuned filters were con-
r sidered, and some insights were developed for the future of materials require-
i' mants for such applications.

B. Puture Plans

The developmant of the Atin:l.to difference method is now felt to be

sufficiently complete for ocur use. In the future we may calculate cases of
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special interest to us, but we plan no further development of the theory
’ ' itself at this time.
)‘ Work will continue on the application of nomlinear materials to milli-
: meter wave dielectric devices as outlined in Section III of this report.
This work will benefit by coordination with other, separately funded programs
, ' at the Hughes Research lLaboratories, through the end of the subcontract period,
31 August 1962.
We plan to return to the question of surface wave propagation along
lossy dielectrics as a possible explanation of the low att.mutiqm actually
'f; cbeerved in KRS-5 fibers, losses much lower than that predicted for the
HE,, mode with the measured loss tangent at 94 Gis. (These puzzling results
& were described in more detail in our previous annual report.) While the
waveguide attenuation actually measured for KRS-5 was of the order of 20
dB/meter, too large to be practical for most applications, we feel it is
»j,: important scientifically to resolve this enigma.
A new approach to the problem of realising a flexible dielectric wave-
- guide was considered near the end of the period covered by this report, and
‘ we are now actively pursuing it. Low loss, high dielectric constant materials
are available for the millimeter wave range, but they are all rigid materials
r (for example, Alumina, GaAs, Silicon). We are now considering the use of
7 these materials in finely powdered form, contained in a thin, flexible poly-
Nf mer jacket (e.g., Teflomn). Preliminary measurements of such powders are now
being carried out at 10 GEz to determine the relation of dielectric constant
::;: pdlmmtofth.ﬂufmtothohulkfm.’ If these prove to be
% successful, then flexible waveguides will be fabricated for test. (We must
; know the dielectric oconstant of the packed powder before we can design a
= reasonable guide.) These measurements will then be extanded to 94 GHs as soon
as possible. While the primary intent of this work is to provide a flexible
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dielectric vaveguide medium, if successful, it could also impact the ease of

Wy YR

Y, T
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PPN

fabrication of rigid dielectric components as well. One can imagine a

complicated configuration of directional couplers, filters, etc., fabri-~

.

I

4

E.l .
»
"

"' cated by filling the voids in a thin vacuum-formed plastic sheet (similar to
"bubble-pack”). Such an assembly could stand alone as true dielectric wave-
0 i guide, or be capped with a metal plate to form image guide. We intend to
' pursue these ideas as well, if the basic measurements on powders prove suc-
“g cessful. |
C. Publications and Presentations
The following papers were given at the Sixth International Con-
L: ference of Infrared and Millimeter Waves in Miami, December 1981:
x 1. "Measurement of the Dielectric Constant and Loss Tangent of
‘ " Thallium Mixed Ealide Crystals KRS-5 and KRS-6 st 95 GHZ", W. B.
- Bridges, M. B. Klein, and E. Schweig.
2. “Computer Analysis of Rectangular Dielectric Waveguide for
Millimeter Waves”, E. Schweig and W. B. Bridges.
1 3. "Electro-Optic Devices in Dielectric Waveguide”, M. B. Klein.
i The following papers have appeared or have been submitted for publication:
;‘ 1. W. B. Bridges, M. B. Klein, and E. Schweig, "Measurement of the
E- . Dielectric Constant and Loss Tangent of Thallium Mixed Halide Crystals
s ‘ KRS-5 and KRS-6 at 95 BGz", IEEE Trans. on Microwave Theory and Tech-
e niques, Vol. MIT-30, pp. 286-292, March 1982.
:' ) 2. B. Schweig, "Dielectric Waveguides for Millimeter Waves," Ph.D.
h Thesis, California Institute of Technology, June 1982.
3 3. B, Schwig and W. B. Bridges, "Computer Analysis of Dielectric
r- Waveguides: A Pinite-Difference Method"”, submitted to IEEE Trans. on
Microwave Thecry and Techniques.
;3
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II. COMPUTER ANALYSIS OF RECTANGULAR DIELECTRIC WAVEGUIDES (E. Schweig)
A. Introduction )

Image guides made of rectangular high prrmittivity dielectric
material have been suggested as a practical waveguiding structure for use
in millimeter-wave integrated circuits (MMIC) [Refs. II-1, II-2]. The use
of a high-resistivity semiconductor material is pa:ticuia:ly interesting
since the possibility that active devices may be fabricated directly into
the trlnnisl;on line can be congidered.

Rectangular dielectric waveguides for integrated optical circuits have
been investigated analytically by Marcatili [Ref. II-3]. Several other
workers--Knox and Toulios [Ref. II-1], Solbach [Ref. II-4] and Yeh [Rref.

II-5] among others--have dnvolopod techniques for analyzing rectangular

dielectric guides. Some of these methods are limited to weakly-guiding
optical waveguides (small index ratic), or impose gecmetric conditions that
are insufficiently general for our purposes. We also have investigated the
anglysis of such dielectric waveguides and found that the approximations intro-
duced by Marcatili [Ref. II-3] are not valid when the permittivity of the
guide is high compared to the outer medium (cm/ecmmlo). We propose
instead a numerical method based on finite-differences for computing accurate
propagation characteristics snd field distributions.
. B. Description of the Probiem

A rectangular dielectrit wavequide of relative permittivity ‘1' suc-
rounded by an infinite medium of relative permittivity K_ is the basic element
that we condider for our thecretical investigations (Fig. II-la). In practice,
thoguidnho!tonnppomdbyad.hhctricofmhlm:pommutytz
(rig. IX=1b) or by a metal plane (Fig. II-lc). In first approximation, we can
neglect the influence of the dielectric support if the modes are well guided

within the rectangular core. The effect of the mstal plane is to allow




......
......

metal

Pigure II-l.a. Rectangular dielectric waveguide considered in our numerical .

analysis; the outer medium is supposed to be of infinite extent.

b. In practice, the wnchu:ldo is often supported by a low-dislectric
material which has, to first approximation, little influence on
the modes.

¢. The image guide has only some of the modes of the rectangular
guide: the metal plane allows only the propagation of the modes
that have a vanishing tangential electric field, on the plane
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II=-3
propagation of only those modes of the free-standing guide that have the
appropriate symmetry with respect to the metal boundary.
Our objective is to ddaign an efficient numerical tool for computing the

propagation characteristics of rectangular dielectric waveguides and obtain

accurate representations of the electromagnetic fields.

C. Marcatili's Analysis
Marcatili [Ref. II-3] obtained an approximate analytical solution
to the rectangular dielectric waveguide (Fig. II-2) by making the following
assumptions:

1. The change of index across the interface is small, i.e.,

,"1
=-1<«1 | (12-1)
2

2. The power propagating in the corner areas (cross hatched on Fig.
II-2) can be neglected. (This corresponds to agsumption that
the mode is far from cutoff.)

3. The boundary conditions (continuity of the tangential components
of the E~- and H-fields) need be satisfied only for the dominant
components.

A small index step between the guide and the ocuter medium will lead to a
guided mode that is internally reflected at nearly grazing incidence.

These assumptions result in solutions falling in two families of quasi-

plane wave modss, szqand::q' The lower four modes of each family are
sketched on Pig. II-3. The Field variation is sinuscidal inside the core
and exponentially decaying ocutside of it. The characteristic equations are

simple transcendental relations that, far away from cutoff, can be solved in

(*) The superscript denotes the direction of polanization of the electric
§ield and the subseript correspond to number of maxima respectively
and y-directions.
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: - and EN. The superscript

refers to the direction of polarisations while the subscripts
indicats the number of maxima in each direction.
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& closed form. They correspond to the characteristic equations of two inde-
2 pendent slab problems.

“ Some authors [Ref. :::-;, 11-7, II-8], however, apply these solutions to

35; ' high-permittivity waveguides, for which one or more of Marcatili's assump- -

& . tions are invalid:

. 1. The change of permittivity across the interface is large. )

d 2. The power p:op.qatinq in the corner areas is not negligible.

3. The boundary conditions cannot be satisfied with quasi-plane

o wave modes.

E This is, in essence, similar to the difference between the approximate
*linearly-polarized” modes of a weakly-guiding round fiber [Ref. II-10] and

% the hybrid nodu. [Ref. II-10] that constitute exact solutions for the round

dielectric guide. . ;

: D. Otber Methols , ' :

;’ 1. ¥nox and Toulios [Ref. II-1] have proposed coupling the two inde-

; pendent slab problems that constitute the equivalent of Marcatili's soluticn.

They define an "effective dielectric constant®:

3 . o

d K, = K = (x /%) (I1-2)

i

lluﬂnpmmntyotmical (rig. 11-4), kyueh-npnnticn con-
stant obtained by solving the slab parallel to the x-axis, and k is the free-

I BB

space vavenumbex. To solve the second slab, parallel to the y-axis, the
effective dielectric constant, K , is used instead of K;. This modification .
1‘ .
i is not based upon any thecrstical argument and does not resolve the problems
% encountered with Marcatili's method.
‘ 2. Solbach [Ref. II-4] employs a mode-matching technique that pro-
ceeds to solve the problem defined in Pig. II-5 as follows:
3
%
]
; O
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4. A discrets sigenvalue problem is obtained by placing an elec-
tric wall at a finite d:l.ltu‘zcc from the dielectric guide.

b.‘ In each region (I-IV), the fields are expanded in a complete
set of vaveguide modes that satisfy the boundary conditions (electric or
" magnetic walls) in that :ogion-.

c. | The coefficients of the expansion (up to a certain order) are
obtained by matching the fields at the interfaces.
This method does not appear flexible enocugh for our purposes and also may
present certain convergence problems because otbthc lack of continuity at the
corners. -

3. Yeh [Ref. II-5] has proposed a numerical approach based on the
finite-slements method that is applicable to a wide range of dislectric wave-
guide problems. The formulation is very similar to the finite-difference
-.th'odthatwo.p:cpou. but we believe it is less efficient in the case of
relatively stnp1§ gecmetries such as a rectangular waveguide.

B. ' Pinite Differences
Finite-differences (FD) can be applied to a wave propagation prob-
lem either by starting from the wvave equation or a variationed principle.
We investigated both approaches and found that only the latter is numerically
stable and accurate.
1. Wave Equation Approach
The usual application of FD is to discretize the differential
equations, in this case the wave equations. We define ocur problem in terms
of the longitudinal fields, H, and E_. The wave equations for these compo-

nents are:
' 2
V:0+kn¢-0

forns1l, 2 (11-3)
vin-hknﬂo

.....................................
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fr:: 1
:

) where

A ™ ‘ 2 2 2

5 ¢=H,n= 5 By B, and E_ v exp(-jfz), and k = K k - B (11-4)

'_" At the interface between the two regions, the continuity of the tangential |
i fields must be satisfied. These fields are derived from the longitudinal ]
_' components. In terms of ll: and 8', the boundary conditions becoms:

’f'. . : -—“2-0-.3.*-3--1 -.a..._];‘pa_’.lj

. , ax oy L x 3y |

{ ‘ ) ] (11-5)
-1’..&+1?2.., -3‘_1-3_'1

B oy x iy X

& We then proceed to define a finite probles by enclosing the waveguide in

: a box with electric wvalls (perfect conductors) large enough so that it per- I
\ turbs only minimally the modes of interest. Because of symmetry, we need ]
g consider only one quadrant, and we cover that quadrant with a discrete mesh

2} 4

4 as shown in Pigure II-6. At sach mesh point, the wave equations are re-

placed by their finite-difference equivalents.

~ These equations are valid for all points in region 1 or 2 except at

5 the uu:zm..' The mesh was chosen so0 that a row of points lies exactly

’0‘ '

on each interface. Por these points we introduce "image terms” in the
3 finite~difference equations that are then eliminated by using the boundary
‘ conditions (continuity of n: and By-) expressed in finite-differences. We "
then obtain a linear eigenvalue problem of the form

3 AX = X3 x (11-7)

.’a

'"‘é

mxuancto:ofthommsofagandx‘ltthoushpoiaumdau

N a sparse, real matrix. This problem is soived (on a computer) using standard

g eigenvalus techniques. However, the matrix A does not have any particular

Y

B o L i L e T T e e S e




S W TR TR TN TR T e Ve Tha P T A T - L R S
RN UL AP A I S SO N T et e - hn I .

iy

Ox

.//////IJ/'//' l/'/J//'.f~‘-"

NN\ '\‘\ h VS NN
-

-l

N \.\ A

\\'\ O
., N
M N

\\
P—

1]
]
,'t//fl///’f/ffi?////////';I‘///fc IR A AV A AV 4 V4 i A 4 e 4

Pigure II-6. Grid for the finite-difference calculations. The waveguide is
enclosed in a "box". By symmetry, only one quadrant need to
. be considered. The mesh points lying on the interfaces require
: a particular treatment. '
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structural symmetry that would permit a reduction of the numerical labor.
2. Test Case
llotutodtho—ﬂ.soduoutlimdubonbyapplmutoam-
dimensional problem, the semi-infinite slab. This problem is easily solved
analytically [Ref. IT-10] and permits us to test the effects of the "box"
and our treatment of an interface. Pig. II-7 represents the one-dimensional
mesh used and Pig. IXI-8 shows the good agresment for the field distributiom,
batween the finite-differences solutica and the analytical one.
3. FRectangular Guide
When we applied this msthod to the réctangular guide, we checked
the finite-difference soluticams by comparing them to either Marcatili's oxr

- & round fibexr* in the high~frequency liamit. Inth:l.cuntth.qnidnuun_y

mlmthsmaﬂ'mmmm%tom-—m. We
then attempted to apply the method to the problem of the rectangular wave-

guide. hfcmditeohwnrﬂulmudmbuo!uchpoinu

I .
‘i.} + - - - . . . PR bR T A ST L S S S P t - -

” Ll ChaltY
- - B L A T P P I I . »' - L e R A P T S
R T e i I A e TS AP A T PP T R e I

- O}
_____

used (l-vQanhMMm@. Since the sise of matrix A increases

ulz, mmu.muwmmmmmn.
4. Vaifational Approach
mmmx:ueomzmamuumnmtymus-
cretise it by applying finite-differences. It is well known [Refs. II-S,
II-11] that for propagating electromagnetic modes, the following variational
principle holds:
at = 0

(*) The round fibex is chosen s0 that its cross-section has the same area
as the corrnesponding square guide that is consdidered.
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Figure II-7. One~dimensional mesh for the test of the FD method with a
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with ¢ » l. ad y = (ucO/B) !:.»

If wa consider a rectangular element, 81. as depicted on Fig. II-9, such
that the puni.tt.i.vity is constant inside the element, we can compute the
ocontribution of l’ %0 J by using fj.nito-dif!o:onen:

ff,;*--%-,-, [2esene]

[ voreebfle] ] 2] 2]

0, =0 =0 v, -v, v,-»
[]; %%}dﬂi%hlha —‘5-2—3-+——-2h2 1][‘1:1;'* 3h111-] (12-8)
P

mmmumwmnmm«:ma'uchmt
covers the area of interest with mctmuuolﬁont- (rig. II-10). J is
cbtained by adding the contribution of each element. We note that no special
treatment is required foz the interfaces, as J contains the comtinuity con-
ditions. By setting to sero the partial derivatives of J with respect to
ﬂnﬁoumm!’mdl.atowhuthom.nobﬂinaumu:oim-
value problem of the form

AX = xg x (11-9)
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Pigure II-9. Typical rectangular element for the finite difference
computation.
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form the matrix A. No special treatment is required at the
interfaces.
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vad

2. vwhere X is a vector of ordered field values, A is a symmetric band matrix

e

o

03
»

CRCRERE X
IRt 1

and B is a positive definite diagonal matrix. By a simple similarity trans-

formation,
AB "= ' (11-10)

we reduce the problem to

A'X = kgx ' (1II-11)

vhere A' is nov a symmetric band matrix. This structure allows us to store
the matrix A more efficiently and thus permits us to use a very fine mesh.

S. - Numerical Results

We have analyzed the modes of a square dielectric guide because

it allows us to compare the dispersion charactexistics with the theory pro-
posed by Marcatili and with the dispersion curve of a round fiber chosen to
hanthcm'dimu:utﬁo.nqﬁnngudn.

Figure II-1l presents the dispersion curve, ueﬁputodbythouth:u
methods, for the dominant mode of a dielectric guide made of Teflon (31-2.1).

At high frequency, as we expected, the dispersion curves are not distinguish-

able. They deviate at lower frequencies because Marcatili's theory predicts
a sharp cutoff, while the dominant mode of a round fiber has no cutoff fre-
quency. The finite difference calculation gives an intermediate result.
¥ We are limited, at low frequency, by the size of the mash that we can treat;
the outer box must be further removed in order to limit its influence on the
mode. The same calculations for a high-dielectric constant guide (made of
K GaAs, K, = 13.1), show that Marcatili's theory and the round fiber approxima-
E tion give nearly the same curve that differs noticeably from the FD results
‘U (rig. I1-12), only in the mmu frequency range, between the “close
:w" to cutoff” and "far from cutoff™ regions.
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1 P. Puture Work

hmmqamuiwimmmmtnudm

us to extract the dominants eigenvalues and corresponding eigenvectors from

a symmetric band matrix that is stored in-‘a compact array. This will permit

us a large increase in the grid size. We will make a detailed analysis of

the fields of a ractangulsr dielectric waveguide and compare them to Marcatili's
solutions.
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ITI. ELECTRO-OPTIC DEVICES IM DIRLECTRIC WAVEGUIDE (M. B. Klein*)
‘;f A. Introduction
; In recent years, .i.nugtltdcucutwwummmm-
| ingly important in isplementing components and subsystems at millimeter wave-
lengths. A number of passive and active devices have been demonstrated in
dielectric waveguide including directional couplers, filters, phase shifters,
scanning antennas, detectors and sources. In most cases, the active dsvices
3 studied required careful mounting of a discrete electrical device in close
a proximity to the waveguida structure in a way which optimizes coupling to
: the waveguide. In this discussion we describe active devices in dielectric
§ waveguide which can be realised by direct electrical control of the bulk
' dielectrit properties of the transmission medium. These devices have intrin-
, sic high speed, and are directly compatible with common dielsctric waveguides
; structures.
* Two general classes of materials have bulk dielectric propexties which
can be electrically controlled: semiconductors and electro-optic crystals.
' In semiconductors, the generation of carriers leads to changes in both the
real and imaginary parts of the caplox permittivity. These effects have
‘ been used to construct phase shifters [Refs. Irr-1, Irr-2, Irr-3] and
: switches [II1-4] in dielectric waveguide using materials such as gallium
arsenide and silicon. Large modulation amplitudes have been cbserved, but
the switching speed in most cases is limited by the carrier recombination
2 time to values in the range 0.1-1 usec. In electro-optic materials (or
nonlineaxr dielectrics) an applied voltage produces a direct change in the
real (and imaginary) part of the dielectric constant, due to disgtortions of
the crystal lattice. Materials of interest in this category include
(%) Member of the Technical Stafd, Hughes Research Laboratonies, Malibu, CA.
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ferroelectric crystals vhich are commonly used for modulation in the visible
such as I.i.l'lbo3 and unos. In these materials the medium response time is
instantanecus at f:-quncic; up to 300 GHz, and the modulation speed is
limited only by cirxcuit conditions. Because of their intrinsic high speed
response, nonlinear materials are also promising for frequency mixing appli-
cations at frequencies throughout the millimeter band.

The usefulness of nonlinear materials for frequency mixing in the milli-
meter band was first demonstrated by Boyd, et al. [Refs. III-5, ITI-6] in
experiments conducted at 56 GHz. Around the same time electro-optic modula-
tion vas demonstrated in LiNDO, at 126 GHz [Ref. III-7] and in LiTao, at
s§o Gis [Ref. I11-8].

More recently we have measured the electro-optic coefficients for several
orientations in LiNbO; and LiTaO, at 94 GHx [Re£. III-9]. In each of the
above experiments the sample was either mounted in free space or in conven-
tiénal-pmnﬂqum. Pree space mounting requires large samples to
minimize diffraction loss, while mounting in conventional waveguide intro~
duces severe dimensional tolerances and requires a feedthrough for modulating
voltages. If instead the electro-optic material is prepared in t:l;o formm of
dielectric waveguide, then the requirement for large samples or critical’
dimsnsional tolerances is removed, and compatibility with other integrated
circuit components is facilitated.

The discussion in this section presents the results of our analysis and
experiments on electro-optic devices in dielectric waveguide. In Part B we
describe the electro-optic properties of ferrocelectric materials, and in Part
C candidate waveguide structures for phase shifting are considered. Part D
describes experiments on a mmoa'n-gu« phase shifter at 94 GHz, and in
Paxt B our analysis of other control devices is presented. Part P discusses

the prospects for improved materials, and our éonoluum and future plans

are discussed in Part G.
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B. Rlectro-Optic Properties of Perroelectric Materials
Phase shifters using the electro-optic effect in bulk crystals are

- commonly used in the visible, and have speeds limited only by circuit con-

uﬂm. In this work we describe our studies of electro-optic phase shifting
at 94 G!i. We have used a phencmenological model to calculate electro-optic
coefficients for a mumber of materials, and have measured electro-optic
cosfficients for a number of orientations in uubo3 and I.:I.'.l‘aoa.

The phase shift for a transverse modulator is given by

I's= % %n’r (I1I-1)

where L is the crystal length, V is the applied voltage, D is the electrode
w,numumnfmunmm:umomm-opuc
coefficient. The specific dependence of both n and r on the orientation
ofvthon;mudlwmohct:icﬂom is ignored here (for
brevity) but is properly accoumted for in our later calculations. In order
to characterise a given electro-optic material for phase shifting applications,
we will make use of a figure of merit R, defined by

R=a'r (11I~2)

One important zeasom for utilizing the electro-optic effect is that the
electro~optic ccefficients for certain materials in the microwave region are
such larger than those in the visible [Ref. III-6]. This enhancement is an
isportant requirement, since tho expected phase shift varies inversely with
wavelength and would ctherwise be small in the far infrared and near milli-
meter region. It has been shown that crystals'with the largest microwave
electro-optic (and nonlinear) coefficients are those with the h:q-it values
of linear susceptibility [Mefs. III-5, III-6]. In the microwave region the
1linear susceptibility can be much larger than in the visible, due to the
contridution from lattice vibrations. More specifically, the electro-optic
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ITI-4

ooozf:l.q:l.ont for a given crystal in the microwave region can ho written as
rs= 4xic . (111-3)

vhere Xg is the ionic (or lattice) contribution to the linear susceptibility,
and § is an empirical factor vhich is nearly constant for a vide range of
materials and orientations. In low loss materials, the requirement for
large mﬁoo of is equivalent to requiring large values of €. the low
frequancy relative dielectric constant. The importance of high €, materials
is -phuuod vhen we note (using u'\oe:) that the figure of merit R ~ e:S/z.
In ferroelectrics, values of €, in the range 20-100 are quite common.

Two materials of particular interest for device applications are
LiNbO, and LiTaO,. Large samples of these materials are available, and
fh-dmlooulmlw. Measured linear parameters and values of the
figure of merit R for several orientations in LiNbO, and LiTaO, [ref. 111-9]

are given in Table ITT-l .

C. - Waveguide Structures for Phase Shifting
We now wish to consider possible dielectric vaveguide structures
for the particular case of electro-optic phase shifting. A candidate
structure should be judged against 3 major requirements:
(a) The structure must comprise two (or more) metallic conductors
for 'eppucaticn of modulating voltages;
(b) The microwave and modulating fields must be confined in the
dielectric for optimum interactiom;
(c) The electric field lines should be straight and parallel to a
" single principal crystal direction to avoid phase interference
effects.
In Table III-2 we have listed four common structures and the particular

requirvements satisfied by each. It is clear that H-guide is the preferred
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Table III-1l. Measured Values of the Linsar Parameters and Figure of Merit
for :.m:oa and I.ﬂ'aoa.

11473 -8R 1

REQUIREMENTS
STRUCTURE _CONFIGURATION SATISFIED

f

IMAGE GUIDE N = N | .8,C

SLOT LINE B A, (B)

MICROSTRIP e A.B

(TS MODES) s s A, (8),C
&




Table III-2. Pour Millimeter Dielectric Waveguide Structures.

11473-7

| ' MICROWAVE ABoo RN
MATERIAL POLARIZATION REFRACTIVE
COEFFIGIENT
INDEX -
(em™’)
LiNbOg ~ ORDINARY 67 ~02
- . EXTRAORDINARY 6.2 ~02
LiTeOq ORDINARY . 65 ~04
EXTRAORDINARY 65 ~09
1.
o)
F__
‘ FIGURE OF MERIT
MATERIAL ORIENTATION S
(10-7 em/VOLT)
LiNbO, 333 ‘ 8.0
13 48
LiTeO, 333 . 15.0
: 13 82
R
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choice (parallel-—plate transmission line partially loaded -with dielectric).
It is important to distinguish between the hybrid modes and the modes in
H-guide (see Fig. III-1). The hybrid modes [ Ref. III-10] have components of
electric field in the longitudinal direction and in both transverse direc-
tions, although the dominant transverse component is parallel to the metallic
conducting plates. The multiple components of electric field are a disadvan-
tage in that interferences in the electro-optic phase shift can be produced
(violation of requirement C above). One advantage of the hybrid modes is
that the electric field is small at the metallic walls, and &ms wall losses
are low. However, at the present stage of development, material losses are
dominant and the low wall losses of the hybrid modes cannot be exploited.

The TE modes [Ref. ITI-10, III-11] have a single component of electric field
directsd normal to the metallic planes. Wall losses are larger than for the
hybrid modes, but still less than material losses. One important advantage
of the TE modes is that the lowest order mode (designated TE,,) has no
cutoff, so that energy can be coupled in or out of the dielectric medium.
This is especially useful for radiative devices such as scanning antennas.

We have calculated the mode cutoff properties [Ref. III-1l] of an

el GRS 2 M
AT

e P AT

ol &

H-guide filled with I.:I.Nb03 (Y-axis normal to metallic plates, and the results
are plotted in Pig. III-2. The lowest order hybrid mode is cutoff for

b/xo € 0.1, vhile the TE modes propagate for all values of b, We also show

v

the cutoff width for_tho'rl mode, which is the first higher order TE mode

30
which is likely to be excited in our experiments. The sample dimensions
we have chosen (see below) could allow the lowest order hybrid mode to pro-
pagate, but the input radiation is MWIy polarized to the dominant
e polarisation of the hybrid mode, so the coupling coefficient to this mode
should be very small.

¥We have fabricated uuhoa samples with two different cross sections:

. - . [ o s .




Pigure III-1.

11473-9

{a)

b) .

Blectric field orientation for (a) hibrid mode and (b) TE
mode in the H-guide structure.
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Sample 1: 2a = 0.55 mm, b = 0.30 mm,
| Sample 2: 2.-0.55!.-.b-0.40-.
Aum:otnmmm-mcmmlumw-qhm
sections:

(1) lateral decay distance of fields into free space = 0.06 mm nor-

malised guide wavelength ‘

A
+ = 1,09 I3

W
~ (2) Impedance: Sample l: 60 OHMS
Sample 2: €0 OEMS .
(3) Power absorption coefficient normalised to that of plane wave in

uuo3a

o ' -1
—w 0,97 (a s0.2em)
°pl plane

(4) wmﬂn@mumeo:pmmmumsz

= 0.98 (T Lane = 12-5°/cm for 20 kv/ca £ie1d).

plane
mMMMuumemmumumnmm
is well oconfined within the LiMbO., and has nearly identical properties to
those of an unbounded plane wave in the material.

D. 14WbO, B-Guide Phase Shifters at 94 Giis
We have designed and constructed two LiNbO, H-guide phase shifters,
differing only in their means of coupling from WR-10 hollow metal waveguide
o to L0, H-guide. The first device utilises end coupling, and is shown in
r——' rigure III-3a. mwu;s sample is mounted on a flat metal ground plane,
which is also the bottom portion of the hollow metal waveguide. The sample

........
.............

.......
..................
....................
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HOLLOW METAL {0.30 mm}

| WAVEGUIDE Y-CUT LiNbOg, 0.40 mm x 0.85 mm x 2.7 cm
w (WR-10)
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b
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Pigure III-3. ccnamum of two different LiNbO, phase shifters employing .
(a)dm«mwlmwn-lomu '
(b) coupling through Probes. ‘
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extends into the metal waveguide; the latter tapers down to the same height
as the LiMbO,, and to twice the width. The upper plate of the H-guide is
mwhumm.msmmumminphmhynpung
losding. This device is simple to construct and align, and has a wide band-
.m.mummamugumu.' One disadvantage is that the
discontinuity in the upper plate increases the VSWR and reduces the coupling
efficiency. |

The modulation performance and insertion loss of the above device were
measured by insertion of the device into the active arm of a waveguide phase
bridge. The bridge was first balanced by adjusting the variable attenuator
in the reference arm for maximus fringe contrast. An aaju;:abh phase shifter
in the reference arm was then set at the midpoint of the fringe pattemn, i.es.,
the linear region. Por this bias condition an ac voltage applied to the
crystal causes an amplitude modulation on the detector output at the applied
frequency (1 kHsz). The fractionmal modulation can then be related directly to
mmwm&.-hut.

Our device measuremsnts were made using the smaller cross-section sample.

it This insertion loss uu'_lz 4B, of which only 3 4B is Gue to sample absorption.
' mmmwwtumxmmmxmmipm

Yy
ik

¢

w y;
s
R el
LML)
e et 0,
CREN N

45
-

R/

L 3%

lead to a considerable reduction in insartion loss. For a peak applied vol-
2 tage of 1000 V, the amplitude modulation was 67%, and the induced phase shift
i was S6° peak-to-peak, in good agreement with theory, based on the electro-
o optic cosfficients given in [Ref. 1II-9].

The second phase shifter wvhich we designed and tested follows the design

(3 4 LR AN P D)
4> 274 3 ® IR
G oae - . 3
T ST TR e s &

R Y LA B

s A A s PR ITY

of a device described and demcnstrated at 200 MHz by Cohn and Eikenberg

[mef. 111-12]. The Xey element of this device is that probe coupling is used

'R

instead of end coupling to WR-10 waveguidas. A cross section of our device is

Rl

showm in Pig. IIZ-3b. A short section of teflon insulated wire with insulation
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 removed at each end provides the coneection between the hollow metal waveguide
®0d the LUbO, H-guide. Cne end of the wire probes the field in the hollow
ptqlmgudn. Mmm(mum)mmuamnmguam-
nection, and the opposite end axtends along the end of the LiNGO, sample
mwmm‘:a-qu«puu. The hollow metal waveguide sections
run straight through the device and are terminated by adjustable shorts for
tuning. The bandwidth is restricted by the tuning elements, but the device
is easy to construct and align.

Our device measurements were again made using the phase bridge technique
~ described earlier. The insertion loss was 8 dB, of which 3 4B results from
matarial absorption. We have not experimsnted with variation of the probe
penetration d.pthi.nto ﬂn' metal waveguide (the penetration now is .030);
optimm penstration oculd reduce the insertion loss below 8 dB. Por a peak
applied voltage of 1000 V, the ssplitude sodulation was 700, and the induced
phase -hut was 58° psak-to-peak, in agreement with calculations.

E.  Other Elsctro-optic Deviges

I.  Pre ":E"."Il‘?-. o
for nonlinear freguency dcibling. mmmmum
case can bs written as

?-afl hﬂm | | (1120
. l"‘

wvhere 4 is the microwave nenlimsar cosfficient, L is the interaction length,
'maummm. In writing Bq. IIT-4, ve have assumed:
1. mmm
2. munmummmwc

B R N I S VLI L I AU BN TR IS POl SR ISR T PN I P
...............................
-

----------------
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If we assume that the length L is limited to o ', where o is the absorption

ooafficient, then the conversion efficimmcy ia !id.lllao3 at 100 GRz is
-4 ()
- . - IIl-
O o x 1074 ﬁ‘-”z"-";’- (111-5)

Mnmdo.sxo.s-zaﬂmimtmoflom(vnnbolowthc

dlelectric breakdown threshold in LiNbO,), the calculated efficiency is

3.68. This will be reduced slightly when abeorption is included in the
calculation. The above conversion efficiency is already of practical interest,
but still larger values are calculated for such materials as BaTiO, and KMBO,.

2. my-mm-wmmm
It is weil known thet periodically perturbed waveguides will

muhunuylﬁmumtuﬁm.thmvhmnmuaﬁm
as scanning sntennas. In fact, dielectric waveguides have been used for beam
scanning via frequency sweeping [Mef. III-13]. .Two disadvantages of this
Wmmzu‘mm%hm_mw.mmw
in the E-plane is large, since the vaveguide height is small. In more recemt
work, Trinh et al. [Ref. III-14] eliminated the H-plane spreading by using an
H-guide structure with flaring of the metal plates to produce a one-dimensional

In both experiments déscribed aiove, the dislectric guiding medium was
siliocon. un-mmumamm-mﬂ.mmowc
Muumumsmuwummuazwm.
- Pigure III-¢ shows a sketch of the LiNbO, sample (vith periodic indentations)
and finsl N-guide antemna assesbly. The lobe angle in the H-plane of the mth
space harmonic is given by [mef. 111-13]:

A
o - sin”t ['T:' +m -3"- - (1I1=6)

..........
-t Pl

...........
..............
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" mxouthotmspnum.hngth.xquth.gu!.dcmhngthmddu
the spacing between perturbations. In all cases of practical interest (with
A <1°) only negative values of m are possible. It\nchooudzlg, then

g9
only the m = -1 harmonic will radiate so that

A A
, -1l o __9° -
6_; = sin [Ag 3 ] . (111-7)

By applying a modulating voltage between the two plates of the H-guide struc-

ture (Hq. I1I-4) ~Aq can be varied, thus varying the angle 68_ If wa assume

1.
that xg B xoln, vheze n is the microwave refractive index, it is easy to

show that the angular motion per unit of applied electric field (using

3

An = n“r AB) is:

80,

= a0y : (111-8)

vwhere z is ths slsctro-optic oo‘ntti;:i.ont. ‘Thus, the scanning antenna
described here is characterized by the same figure of merit as the bulk phase
modulator described earlier (see Bq. III=2). For a 20 kV/cm field in a

1 = $0.6°. However, much larger scanning angles (on the
order of 1 radian) are predicted for BaTiO, under the same conditioms.

:.m:o, device, A0

3. Blectronically tunable filter
Pixad-frequency bandpass or bandstop filters have been demonstrated
by coupling a pillbox or ring resonator to a wave travelling in dielectric
wvaveguide. !‘hoeontorf:oquoncyinthhtypootdwicoisdoﬂnimdhythc
dimensions and refractive index of the resonator structure. If the refrac-
uanhmMWmly,MMenmzmmh
adjusted, resulting in a tunable filter. A sketch of such a device along
with the output frequency spectrum is shown in Pig. III-5. The straight
wvaveguide sectiocns can be fabricated from a convenient low-loss material
such as Gaks. The close-coupled ring resomator could be fabricated from

‘‘‘‘‘
----------

.
»
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LiMbo, (\d.th' a large elctro-optic coefficient and moderate loss) or Gais
(vith a smaller electro-optic coefficient and low loss).

To analyze this m-h:l:uty of the device, we assume that the resonator
Q (or M@) is determined by dielectric loss. The linewidth in this
case is

Av =y tand . (IIXI-9)
The center frequency v can be written as

=0 .
VIR m (III‘IO)

whexe m is the order of interference, ¢ is the speed of light, n is the
refractive index and D is the ring diameter. The change in v induced by
a change in n is ' | |

weal (112-11)
Thus, the required index change to tune by one linewidth (Sv = Av) is
obtained from combining Bqs. III-9 and ITI-1l:

An = n tané .. o (I1I-12)

3

sxmhin:l,thofioldzmizdtot\mbymmﬂu

pootaml taf | : (111-13)

(n’z) a'r
MlhuhoqulleozokV/utoz'umz, and 50 kV/cm for GaAs. We see
that the tunability is limited, based on presently available materials. It
is hoped that further reductions in dielectric loss at millimeter wavelengths
will lead to improved filter performance.

T. Prospects for Improved Materials
It is clear from the previous discussion that there is a strong need
for materials with large electro-optic/nonlinear coefficients and low losses.
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The phase shifting performance of several candidate materials in their

'prcnnt state of development is plotted as a function of length in Fig. III-6.

We have assumed an operating frequency of 94 GHE, and an applied field of

20 kV/cm. We note that certain materials with large electro-optic coeffi-
cients have low losses (e.g., G_au). and perform nearly as well over a length
L & 1/a. The most promising material at present appears to be Bal'ioa,
although commercially.available samples of this material are very expensive
and of poor quality. Any materials improvements leading to lower absorption
losses should lead to significantly improved device performance.

G. Conclusions and Puture Plans
We have described the implementation of a number of electro-optic
control devices in diohct:ic waveguide. The davices we describe still
require the assembly and alignment of a number of carefully machined dis-
crets components. An oﬁm:l. goal would be the complete momolithic integra-
tion of all components onto a single chip. |

At the present state of development, the most promising materials for
device applications are ullbos. and perhaps GaAs. One important advantage
of these materials is that they are readily available in large lengths
(2-6 inches).

In the remaining year of this SRO Program, we plan to redesign the
transitions in both H-guide phase shifter described in section D, in oxder to
reduce the insertion loss. We also plan to construct and test a LiMb(:,
frequency doubler or scanning antenna using H-guide.

.............................
...................................
------------
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