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1. INTRODUCTION

.
!.
-

The renewed interest in the millimeter-wave spectrum is due

2 5
- primarily to the recent advances in the development of solid state .f?
- devices up to 300 GHz. Attempts have been made to utilize microwave ;i?
- technology in the millimeter-wave frequency range but only with ,ia
~

. limited successes. The conventional metal waveguides become very iij
lossy and more difficult to fabricate as the wavelengths become ﬁi?

gty Ay
N

a

shorter. Extremely tight surface tolerance requirements of metal

waveguide components at millimeter-wave range contribute to the high o

2ts

cost of conventional systems. Microstrips and other forms of printed
E’ circuits have been used successfully at the lower millimeter-wave

range [1],{2]. However, in the upper millimeter-wave bands, the ex-
'l treme miniaturization of the center metal strip or the slot (in a

slot-line) makes fabrication very difficult. The dielectric sub-

e strate thickness must be very small to avoid higher-order modes.
l. The microstrip lines also suffer high metal loss due to the high
‘.Q

concentration of the current density on the metal surfaces and near

N
“Ta's

the edges of the metal strips. This has led to the investigation of

alternate forms of low-loss low=-cost dielectric-based waveguide de-

0l

signs suitable for integrated circuit applications at the millimeter-

<

wave frequency range.

g

Several types of dielectric waveguide structures are currently
available as the guiding medium for millimeter-wave applicatioms,

such as image guide (3], insular guide [4], H-guide [3], and trapped

o A et T et e T et AT T T et AT et e AT M T T e e e w el . R N S U P e al e e At wt A _
b 9% A o “ - S AR TP e e R T S T T S R P SN PR S N I I DT e s N S N e
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image guide {6]. In this thesis, another form of dielectric wave- 3’
guide structure is presented--the suspended H-waveguide. -
This suspended H~waveguide 1is similar in many ways to other ‘
- waveguide structures. It consists of a guiding dielectric core with -
E&g dielectric constant €,y sandwiched between two low-loss dielectric
E;E; layers of dielectric constants € and €, (see Fig. 1). The dielec-
h tric arrangement is then shielded to obtain a closed structure. In
':E? practice, these two insulating dielectric layers are metal-cladded :{
NN dielectric sheets which are commercially available. Since € > €p> ;;
53, mosf of the electromagnetic energy is carried in the guiding o
dielectric core, and therefore, the conductor loss is smaller than
for the microstrip or image guide. Compared with other dielectric- n
based guiding structures mentioned above, the suspended H-waveguide ?ﬂ
enjovs a rigid mechanical support due to the metal enclosure. Also,
the radiation loss is probably less than for other waveguide structures )
due to the closed metal walls. For this same reason, cross~talk ;}
among circuit elements can be eliminated. Presently, most of the com-
mercial dielectric-base millimeter-wave ICs are shielded, hence, the N
metal surfaces around the suspended H-waveguide become a natural .
enclosure., Note that the side walls can be removed if the separation ¥
between the dielectric core and these walls is large enough. This Ej
allows the adjustment of the relative locations of the dielectric B
core and other components in the circuit without removing the top -
dielectric layer. The metal enclosure also allows plenty of ground .
for dc biasing in solid state applications. Ferrite applications, s
Y24 :
Y :
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such as the phase shifter or field displacement isolator,can readily

£§ be integrated since the top and bottom metal plates can be used to

{: support a dc magnetic field. Bonding between dielectric materials may

" not be needed since the metal enclosure.will secure all dielectric -

Ei layers tightly in place.

':; Like any other oversized shielded waveguide structure, higher-

\: order modes may arise. This situation may not be desirable for many

';; applications. However, due to the unique structural arrangement, -

jg dielectric resonators can be used to eliminate the unwanted modes. o

X Section 5.1 describes the designs of some modified dielectric reson- -

E: ators which can be used in circuits that employ the suspended

‘EE H-waveguide.

E\ In order to obtain reliable design information for the designs ‘?

EE of both active and passive components derived from these waveguides, i E
;E accurate theoretical predictions of the field and propagation charac-

o teristics must be available. A number of theoretical studies on the -

;i propagation properties of certain dielectric structures have been

EE presented in the literature based on the effective permittivity and i

: permeability [4],[7]-(9]. These methods are simple and usually pro- R
o vide reasonably accurate propagation information. However, they do not - a
E provide information on complete field distributions, and hence, cer- ;; j
J; tain loss characteristics. A rigorous mode-matching technique based - %
:; on the field expansion in each subregion of the guide cross-section ié
é and the subsequent matching of the fields at the dielectric interfaces 23
“ appeared recentlvy in the literature [10]-{l4j. Peng et al. [15] - :
js proposed a similar apprcach using the transverse resonant procedures. fﬁ i
K~ .
.: .
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In this thesis, a similar mode matching technique is applied to
the investigation of the suspended H-waveguide. All relevant charac-
teristic equations for the propagation constant of the waveguide
strqcture are given. It will be shown later that the field and pro-
pagation characteristics of other dielectric structures, such as image
guide and insular guide, can be obtained directly from the formulation
of the eigenvalue problem of the suspended H-wavegt =:. For generality,
a coupled suspended H-waveguide is analyzed, which ‘'n then be easily
reduced to a single H-waveguide.

The loss characteristics of this waveguide structure are included
in Chapter 4. Some components derived from the suspended H-waveguide

are described in Chapter 5.
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- 2. METHODS OF ANALYSIS

SR |

2.1 Mode Matching
2.1.1. Suspended H-Waveguide

The cross-~-section of a coupled suspended H-waveguide is shown in

Figure 2a. For generality, the thickness of the top and bottom layers

and their respective dielectric constants o and €4 are different.

The width and the height of the dielectric core are 2w and 2h, respec-

'f;f i tively. The locations of the top and bottom conductor walls of the
A -
Y i guide are d and 1. Because of the symmetry of the structure about wi
BN
:?i’ the x = -3 plane, even and odd modes can propagate in the coupled .
ji;; structure. The analysis of the coupled lines can then be reduced to "
ol
( o that shown in Figure 2b where a perfect conducting (pec) wall implies ;i
iéii ’ odd mode propagation, and a perfect magnetic conducting (pmc) wall .
%iﬁ implies even mode propagation. For a = b, the coupled line reduces
nj\‘ to that of a single uncoupled structure. -t
;ﬁ? The analysis using the mode matching technique can be applied by -
;;E; separating the cross-section into five subregions (I)-(V). The f{ields
.ii in each region can be appropriately expanded in terms of regional
eigenfunctions which satisfy the boundary conditions at the conductor :5
walls. It is well-known that an infinite set of discrete modes is -
supported by an enclosed metal structure. Of these, only a small -
number of surface waves exist., The remainder are discrete higher- ::
order modes some of which are propagating and the rest are below N
cut-off. ;6
2 !
N
s
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Figure 2. (a) Cross section of the coupled suspended H-waveguide.

(b) Structure adopted for analysis.
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The total fields are derived from the Hertzian potentials Ie
and Hh which have a single x-directed component [16]. The relation-

ships between fields and potentials are:

(1a)

E=9x 7 x He = Jud, 7 x Hh

H=jwee, 9YxI + 7x9xI (1b)
o e

i h

where e is the relative dielectric constant of each region. je and
Hh are referred to as longitudinal-section electric (LSE) mode and
longitudinal-section magnetic (LSM) mode, respectively. Assuming that
the propagation is in the z-direction, the field potential eigen-

functions can be expressed as follows (exp(—jkzz) suppressed for

clarity).
Region I .
cos k(l)(x+a)
| xn [ (1) ) (1) )
n(l) = E A < sinlk (y-d)J/sin[k (h=d) |
e L m (1) yn ya J
n sin[k (x+a)
{ xn (2a)
.
u sin[iii)(x+a)] ( N ‘. )
Iél) = 7 B ] cosli(l)(y-d)J/cosik(l)(h-d)J
s m - ym . ym
w=0 cos{k(l)(1+a)
< (2b)

Region II

N'
H(Z) = z (C cos[k(z)x
e o L Xn

» .
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g .
S
. N

m=1 x
(3b)
Region III (

cos[k(3) (x+a)}
™ . 3 N (6D oay) fein € (cneny )
7= ) KA sinlk >/ (y+1) | /sinlk "7 (~h+1) |
€ n=0 " (3) ) L yn J { yn J

\Sin[kxn (x+a)j (4a)

r (3)

xin[i (x+a)]
3(3) M Xm (

- . =(3) =(3),_
h Z L cos[kytn (y+l)]/coslkym ( h+l)]

m=0 =(3) ]
lcos[km (x+a)} (4b)

f-',:.{j Region IV )
SR o cos{ki:) (x+a)]
g NOM ) :
] a "e
< i ‘-.‘ n.l (4) o
-:':"_: . sin [kxn (x+a)
N
O (
ST . 51nlk( )(x+a)} {
M
o _ NONNR
R ‘n .
® - Region V
3 .
.'.'.'J ..-l - \ r )}
A e N! - ( sin{k(J)y' coskk(s)yj !
by e (5) T (3) yo 7)o . o 7
) 1,0 = ) cos k o (x-b) I T 5.3 T "a SRl (6a)
o - : : i : 'k hi
o n=1 ] sin k'_m hJ kk':'“ ;]
o1 ¢
b
e
T
:::.n: e
ot
e 1
N
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. T [ °°s{k53)y} Sin[kii)y})

\ & AN ) sin[kxm (,x-b)} N ORI T ORI
RN m=1 cosik h] m sin{k n)

22 ym ) ym ]

.:.;: .
' These potentials have been chosen in such a way that the correspondent -
::t_ fields will satisfy all boundary conditions at the metal walls. In
. (2)-(6), kii) and k}('i) (i =1,2,3,4,5) are the transverse wavenumbers -

for the LSM modes, and ]Eii) and E;i) (1 =1,2,3,4,5) are for the LSE

e modes. In (2), (3) and (4), the upper line in the brackets implies '_:’
:::::‘ a pec wall at x = -a, while the lower line implies a pmc wall. The

"
o addition of the denominator terms in these potential functions greatly o
:f::f simplifies the final expressions of the eigenvalue equations obtained .
._-;.: -

Y from the enforcing of the continuity conditions at the y = h and -h
o
-‘._.‘

Wy interfaces. An exact solution for the propagation constant and the P

¢ :d
x5 field expressions can be obtained if N, N', M and M' are infinite.

.I\I -
:'4 However, in practice, one must limit these values to finite numbers for
e
> numerical computations. -
BN To satisfy the boundary conditions at both side walls, the trans-
‘ verse eigenvalues in regions I and III are given as follows. :
- odd modes (pec at x = -a) even mode (pmc at x = -a) N
w5 DIINNG) . -
'.\-‘ k( » k nll l . - 9 -
o xn xn 2 + b (n + 2) prral 0,1,2...

R (7 -

=(1)  £(3) mil 1, 1 . -
= km s km =+ 5 (m + 2) 345 @ 0,1,2...

o -
3 :
-\:j These odd (antisymmetric) and even (symmetric) modes are decoupled
N )
@i from each other and can exist independently in the coupled structure. us
..'

./. _:-
«.':; %
‘:::

L :
-\n
e

e
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L !; Furthermore, separate eigenvalue equations for Eii) and Rii) (i = 2,4,5)
; are obtained independently not only for LSE and LSM modes but also for
the fields which are even and odd about the y = 0 plane.
= Matching the tangential field components, which are derived from
(1), across the interfaces at x = *w, for -h <y < h yields different

< 5: eigenvalue equations for k(i) and E(i):
>, .:\ X X

s pec wall at x = -a

{;3 cos (A) {xi cos (B) sin (W) + X, sin (B) cos (W)}
e (8)
. + Xs sin (1) {x3 cos(B) cos (W) + X4 sin (B) sin (W)} =0

i [}
.'.l.ll.l
N
S

PIA

'l,,".'v.

a e

pmc wall at x = -a

poes

.

X5 cOS (A) {X3 cos (B) cos (W) + LA sin (B) sin (W)}

4
)
s

o (9
t;?‘ 2 - sin (A) {Xl cos (B) sin (W) + X5 sin (B) cos (W)} =0
B
o

B 0 where all parameters in Eqs. (8) and (9) are given as follows:
R
| U..‘l
St S LSM modes LSE modes
A o ——— —_—
SR ®) - (4)
~ A kxn (-w+a) kxm (-w+a)
¥ =
NS
X e .-. (S) ..(5)

AN . - -

N B koo (w=b) ko (w=-b)

AT

W (2) = (2)
- % 2k 10
A - W kan W ¥ (10)

RS (2) )¢ (5)

Bl g N 1 <

SO X1 “¢n / 2%xn 1
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LSM modes LSE modes
X3 1 1
X, , kf(f\’ /kf(fl) E‘}Q/Eg)
=(2) ,z(4)
X5 ! kxm /kxm
and
2 2 2 2
2 22 (1) e .2, 7 ~(1)
SURR R N Nl R S (11a)
2 2 2 2
2 _ .2 (2) ()" _ .2, 7(2) ~(2)
epkg = Ky +ly) * ky + k) (11b)
2 2 2 2
2 _ .2 ,(3) M2, (D (3
N L - kg k) ks (11c)
2 2 2 2
kg B N ) A A O (11d)
z %n vn z xm ym
2 2 2 2
kg N G A & ) A I A A ¢ (1le)
z xn yn z Xxm ym

Also, by a simple comparison when applying the continuity conditions,

it was found that the following relations hold:

ORS¢ R ) R, (12a)
v yn vn yu
08 2 g2 L1 g (12b)
ym ym v ym

There exist an infinite number of solutions for the eigenvalue

equations (8) and (9). If all solutions are taken into account, the
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expressions for the potentials in regiomns II, IV and V form a
complete set to represent an exact field distribution in these regions.
Each solution constitutes an eigenmode which represents a particular

(@ g i@
X

eigenfunction. and kx are always real which implies a trans-

verse standing-wave within the dielectric core,whereas kii) and Eii)

(i = 4,5) can either be real or imaginary. The imaginary values repre-
sent the modes that decay exponentially away from the dielectric core.
For each mode, the relations among the unknown coefficients of the field
potentials in regions II, IV and V are obtained. For a reason which
will become clear later, these amplitude coefficients are expressed in
terms of those in region V. In other words, all unknown coefficients

of regions II and IV now are represented by those in region V.

For an LSM mode, the following relations hold:

Cn ‘ [ In
- K(C—I) (13a)
| n
] c' 1
n /
( D, ) f In
- K(D—I) (13b)
n
D! L'
{ ) \ ’
e ] (1 )
n n
L K(G-l'.) (13¢)
! n
G! r’
. o) ()
where
(2)
k ( ]
g(C-1) - 1 —%%7 cosskfz)(w-b)i (1ia)
a “LSM k L ‘
n
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iﬁ) cos[k‘:

o

- ——————

)
k (4)
plas sin[k (-w+a)})

cos|2k(
x

2y )
.)w
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w] cos[kiz)(w-b)} (14b)

(l4d)

Likewise, for the LSE modes, the relationships among the unknown

complex coefficients in regions II, IV and V are

(15a)
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:ﬁ; pec wall at x = -a (odd modes), and the lower to the pmc wall (even
o
O modes) .
| \:_\
} The total fields of the composite structure and the longitudinal -
P
J)ﬂ propagation constant can now be obtained by matching the tangential
"
:2} field components at the plane y = th., In order to satisfy the boundary
\ conditions for all modes, the tangentials Ex, Hx, Ez and Hz must be
f%t; all taken into consideration. Using Eqs. (1)-(6), the resulting .;
l%:: eight equations are shown in Appendix A. These equations shall contain .
.:.,*.‘: :: -
the x-dependence which is different for each region. The x-variation
Y
o in each expansion function in regions I and III is chosen to be a -
.r:'." -
‘j{: sine or cosine type harmonic function to simultaneously satisfy the
4".4‘ )
¢ boundary conditions at both side walls. By appropriately multiplving A
\ﬂgj these functions with either sin[kii)(x+a)Jor cos[kil)(x+a)],i = 1,3,
{Sj where kii) are given in (7), and integrating over x from -a to 5 and
ML)
AN
. using the orthogomality properties of these expansion functioms, a -~
i~§ system of homogeneous linear equations with unknown coefficients *
.~ I.
-*'- " o
PhoR A,B8,K,L,I,I'J and J' is obtained. To reduce the total >
s 20 m n’ m o N Tm m ~
e number of equations, An’ Bm, Kn and Lm,which were derived from Egs.
';:% (A-1), (A=2), (A=3), and (A-6),will be substituted into the remaining
A5
i%j four equations. Assuming an equal number of LSE modes in all regioms -
fgﬁ‘ (i.e., M = M") and also an equal number of LSM modes (i.e., N = N'), -
f(i: the reduced system 2(N+M) homogeneous linear equations with unknown
W -
p s ' ' .
o coefficients In’ In’ Jm and Jm become:
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l1,...M for pec wall
u=
0,...M-1 for pmc wall
The upper value in the “rackets applies to the pec wall at x = -a,

while the lower line applies to the pmc wall. Pn(v),...,Um(u) are

the coupling integral terms relating the regions [1l], and are shown in
Appendix B. The zeroes of the determinant of these 2(N4+M) x 2(N+M)
homogeneous equations are the longitudinal propagation constants kz’s
of the composite waveguide structure. In (17)-(20), kii), kii), i(i)
and Eii) are related to kz according to (ll). For each kz, a set of
amplitude coefficients An,...,Lmarefound within a constant multi-
plicative factor and, hence, a complete deséription of the total field
in the guide via the potential functions. It should be mentioned that
the approach to formulate the eigenvaiue problem for determining the

propagation constant of the suspended H-waveguide described in this

section can also be extended to other more complicated structures whose

S shapes and boundaries are rectilinear and parallel to either the x-

)

I....’ .

L I or the y-axis (10].

F AN .t

.':'J' ‘oo,

f.?ﬁ LIS

AR 2.1.2. Related Planar Dielectric Waveguides

I\.-. b

:{{3 The system of homogeneous equations derived for the suspended

AL -

. ;; H-waveguide can directly be applied to other popular rectangular
. cross-section dielectric waveguide structures as shown in Figure 3.
- Since the expansion functions of the potentials in the dielectric

core region of the suspended H-waveguide are composed of both svmmetric
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Figure 3. Other dielectric waveguide structures: ]
(a) Dielectric rectangular 3uide. (b) Image 3zuide. ]
'i (¢) Insular guide. (d) Partially-filled dielectric i

trough waveguide.
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' and antisymmetric functions with respect to the y-axis, only a portion
of (17)-(20) is needed to calculate the propagation constants of the
waveguide structures shown in Figures 3a, 3b, and 3d, whose physical

= ground planes coincide with the y-axis. (The rectangular dielectric

guide is equivalent tc an image guide with twice the aspect ratio of

the dielectric guide.) To analyze these structures, the top dielectric
layer (el) is replaced by free-space, and the top metal ground plane

is moved further away from the dielectric core to minimize its effect

on the propagation characteristics. By rearranging Egqs. (17)-(20)

-
o into a matrix form, it is easy to isolate the symmetric and nonsymmetric
23 parts, i.e.,

“w

) R
£
Ml ! MZ 5
N t -l =0 (21)
- E I;
. My My
r, | J
L | JL m )
':j All coefficients of the matrix in (21) are given in (17)-(20).

The amplitude coefficients with subscript n represent the LSM modes,

-

ﬁ:‘ and subscript m the LSE modes, A quick observation reveals that the

= equations that correspond to the coefficients of the submatrix in the

= first or third quadrant of expression (21) are indeed the eigenvalue

- equations of the structures shown in Figures 3a, 5 and d, i.e.,

.‘ ”I )

) (v llalay (22)
ULy

Y km)
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The analysis has so far been for a coupled structure. It can be
reduced to that of an.uncoupled guide simply by moving the left side
wall (at x = -a) to infinity. However, in actual calculation, the
left side wall will be moved up against the dielectric core,;since in
a single guide, the fields can also be even or odd with respect to
their centers. A pmc wall at x = -w will generate a family of even
modes in a guide whose total width is now 4w. Likewise, a pec wall
at x = -w corresponds to a family of odd modes with respect to this
new guide center. By doing this, the computation can be minimized
since the number of LSE and LSM eigenmodes necessary to satisfy the
continuity conditions at interfaces of regions increages with increas-
ing ratio (a+b)/2w. Further discussion on this subject is given in a

later section along with numerical results.

2.2 Effective Permittivity and Permeability Approximations

The mode matching technique described above will yield accurate
results for both the field descriptions and the propagation con-
stants if enough terms are taken into account. This procedure is
quite involved, and unless enough terms are used, the final results
may be in doubt. For manyv practical engineering applications, where
only sufficiently accurate values of kz are necessary, the "effective"
permittivity or permeability approximation or a combination of the two
is quite useful. Even though they do not provide {ield information,

reasonably accurate results for the propagation constants of many

complex structures are obtained (4],[12],(15],[17]. The techniques
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described here are actually a modification of a one-term approxima-
tion of the mode matching technqiue. They consider two types of modal
fields, i.e., LSE (H-wave) and LSM (E-wave) modes, independently.

The H-wave leads to the effective dielectric constant (or permittivity)
method while the E-wave is associated with the effective permeability
method [9]. For abbreviation, when we refer to both the effective
permittivity and the effective permeability and their mean values,

the effective parameter will be used. The general applications of
these approximations can be found in all references cited above. How-
ever, it would be appropriate to reintroduce the fundamental concepts
again to facilitate their applications. Consider an H-wave (LSE-~to-z)
obliquely incident upon an infinite interface between two dielectric
media I and II with relative dielectric constants and permeabilities
€12 €50 Uy and Hys respectively (see Fig. 4a). The reflection (and
transmission) coefficient of this obliquely incident case can be ob-
tained from that of an equivalent "effective" normally incident one
(see Fig. 4b) if an appropriate "effective dielectric constant' can

be found, i.e.,

(*k * 1k ]

P L] {;2_; ;

r_ 1) L2 n ]
EI i * %41 =) )
( ] i 1

151] & §
=1+ | = 3
(e I W 1

<

[

For an H-wave, it is apparent that the "effective" concept 1s valid ;

-

if the effective dielectric constants in (23Z) are replaced byv:
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*
) si-ei-al—[-,;ﬂ] . i=1,2 (24)
) i o}
~ where ko is the free-space wavenumber, and k,i is the phase constant
-] in the y-direction, i.e., k , = (g,u )Li k_ sind .
- PTTTTY Tyd iti o i

For an E-wave (TM) obliquely incident from medium I into II (see
f' Fig. 5a), the equivalent normal incident wave (see Fig. 5b) for the reflec-
tion (and transmission) coefficient is obtained if the relative per-

meability in each medium is replaced by

W k 2
*

- ., =, - 1| yi , i=1,2 (25)
i i ei ko

In short, the effective dielectric constant (permittivity) must
!3 be used for the E-wave and the effective permeability for the H-wave.

Unlike the mode-matching technique, the effective parameter approach

(R
A,
a !

. :‘ assumes that there is no coupling between the LSE- and LSM-modes.
' This, in effect, assumes that the geometrical discontinuities in a
3
{i; o dielectric guide occur (alternatively) in one plane only.
‘; ?S This approximate technique will now be applied to the suspended
H-waveguide. Consider an LSM (TM-to-y) mode propagating in a coupled
;;; f;: structure as shown in Figure 6a. Since this is an LSM-mode, the
E?ﬁ o effective permeability will be utilized. The discontinuities in the
i - y-direction are first ignored, and the dielectric core region (II)
;%:: ﬁs is extended to infinity (see Fig. 6b) so that the characteristic 1
:25 ‘ equations for kx can be obtained from this two-dimensional dielectric |

ol slab, The characteristic equations for kx have already been derived
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Figure 3. (a) T obliquely incident wave.
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in Eqs. (8) and (9). Once kx is obtained, the "effective" permeability
is defined according to (25). (Note that the coordinate system in
Fig. 6 is different from that as shown in Figs. 4 and 5.) In this case,

*
Mo is given by

L
*
pL,(x) = u T (26)
2 ° g, k -
o]

The dielectric core region is now replaced by an infinite slab with
*
an effective permeability Hy (see Fig. 6c). If tangentials Hxand'Ez

are matched at the planes y = *h, the characteristic equation for ky is

obtained:
2 )
cos[Zkiz)h] EIE%IT cosikil)(h-d)j sin{k§3)(-h+l)]

y

RIS , )

- v 1) . 3,
- gy ;TET sin[ky (h d)] cos[ky ( h+1)]}
y

[ @ ] . [ (1) ] (3 ]
+ s1n{2k h €, sin ky (h-=d) 51nlky ( h+1)J

y
2
(2)
£.€ k ) )
+ 13 ¥4 cosrk(l)(h-d)J cosfk(B)(-h+1)' = 0 (27
s, (.3 %% Uy J
2 k7'k
y y
where the transverse propagationconstantskii), i=1,2,3, are related
by
I (0 P 2 4@ m e 2 (28)
z “lo I‘:y F2#2 %, v 3% T v T

N ey e
VA:\‘AB‘;A“L‘\(J a®a Yot ..
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'j In Eq. (27), k‘(’]')can be solved numerically, kz and, hence, the dis- I
T?S A persion characteristics of the original H-waveguide can then be cal-
- Y

culated according to (23).

E? For LSE® (TE-to-x) mode, the process is reversed. Using the

effective permittivity approach, the procedure for obtaining the

tﬁ longitudinalpropagationconstantkz is described as follows:
*
- Eq. (27) . 2,(y) .
2 Fig, 6C ——— kB 2 | pyp. gp —£98: (8) & 9) kil)
A and the following relation:
" K2 = efy) k2 - @? 2 (5 (29)
z 2V Ky T % o x -

The LSE’ and LSM™ modes can be obtained in the same manner by considering

%
-, €, (x)
S Lsey ¢ k. —>—— k .k
. . X y 2z
*( ) (30)
u, (v
() LM k. 2 K,k
‘.{_ b4 X z
W9
¢ N The characteristic equations for ky of these two modes are
(2)
- (@) 5 (D) (L(3) )
: < cosLZk ;?IT sin|k "’ (h=d) cos'tky (-h+l)j
7 L) )
e [ (D) (3) )
__‘_ ~h+
(3) cos[ (h- d)] sxn{ ( l)J}

]
k(q)HE{coslk l)(h-d)J cosqk )( n°L)

Vo3 N ,
- . sin'k -h+l}) . » = (31
( h+d)J s (=-h+l )f 0] 1)

AT A N \E‘ 5, .1'. RO .-_._”.x Y '.C‘..- ARSI O
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In summary, the effective parameter approximations are based on

three basic assumptions:

;;L 1) Only one surface-wave type (either LSE or LSM) can propagate.
_} 2) Each region in the guide can alternatively be treated as a -
AN
N
Ry two-dimensional problem, i.e., there is no geometrical discontinuity
}i; on one side while investigating the other. -
3) €y > €116,

The characteristic equations for the propagation constants derived

) here can be applied to the other guiding structures shown in Figure 3 et

3
'?f_ simply by changing the separation of certain side-wall locations and
::j the relative dielectric constants of certain regions. Usually, the N
N
o actual value of kz (using mode-matching technique) lies somewhere .-
. ) 2t
Ango between those obtained by the effective permeability and permittivity '
::{: approximations. An average, e.g., geometrical mean, of these approx-
;:fl imate values often produces a more accurate result. Numerical values
. ~
~ obtained by the effective parameter approximations and the more rigorous
l':-}
o mode matching technique are presented in the next sectiem. -
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'] 3. NUMERICAL AND EXPERIMENTAL RESULTS

In this chapter, the numerical computations of the propagation

constant and field distribution of different waveguide structures are

L=
-3 discussed. All calculations were done using the Vax 11/780 computer.
i Some experimental results are also presented.
3.1 Normalized Propagation Constant of Single and Coupled Suspended
o - B-Waveguides
. In an open dielectric waveguide structure, the range of the
ii normalized propagation constant kz/k0 is between 1 and /;;. Any mcde
_ with a normalized propagation less than one is a leaky mode. This is
AT
D the cut-off condition of any normal mode in an open dielectric struc-
g
Ij ture. This phenomenon is not applicable to a partially dielectric-
i filled shielded structure whose propagation starts at kz/ko equal to
f; zero. However, unlike the hollow metal waveguide, the guided modes in
e,
a partially dielectric-filled metal structure are neither pure TE nor
A |
-, T. Therefore, another mode description must be used. In this thesis,
s the field modes are described as E;n if the major transverse electric
- field is parallel to the y-axis and as E:n if the major transverse
o 73 electric field is parallel to the x-axis. The m and n subscripts are
:}: the number of maxima of the dominant electric field in the x- and
.'{-' :‘_'
ot ;j v-direction, respectively. Due to the high dielectric constant of the
.. core and the large size of the metal shield, the suspended H-waveguide
5 - can be considered as an oversized waveguide that can theoretically
{2 o support few higher-order modes at the upper millimeter-wave frequency
o 4
S range. Unlike the fundamental mode, where a large percentage of the
-‘ .‘
~ N RS
\:_\. ,\:
. ~
S
s
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t
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energy propagating in the guide is concentrated in the dielectric core,

-~
-,

LA

and decays exponentially awav from the core, the higher-order modes

v'__
)
.
T

AN

are loosely bounded within the dielectric core causing most of the energy

: .
to be concentrated outside the core. Unless over-moded operation . .

o N
. is desired, most of these higher-order modes can be eliminated by <

proper launching into and receiving from the guide. A thin absorbing
£ilm can also be placed at the inner side walls to damp out the modes

with lateral expansion far beyond the dielectric core that are not T

permitted for normal propagation [5]. Because of the large separation
between the core and the side walls, these absorbing films should not
have any effect on the propagation of the fundamental mode. As

frequency increases, many of these higher-order modes become tightly

bound to the dielectric core as in the case of an open dielectric

waveguide structure. For practical means, however, only the funda-
mental modes of two different polarizations will be investigated in

great detail in this thesis. Figure 7 shows the influence of the side-

2taldl AL XS

y X
11 and cll

modes in a single suspended H-waveguide. Unless otherwise indicated,

wall location on the propagation constants of the dominant E

LT AN SV,

in this and many following figures, the top and bottom dielectric

lavers are the same, i.e., El =<5

kz/ko remains virtually unchanged if the ratio b/w is larger than 4.3,

l1=d, and a = b. 1In Figure 7,

This suggests that the side walls have little or no effect on the 4

\
L}
ﬂ
.
‘.
v

propagation characteristics of the fundamental modes if the side-wall o
separation is large enough. Alsc shown is the effect of the total

-~

eigenmodes {(equal number of LSM and LSE modes are used) on the convergzence o2
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E

R

- . ' <

of the propagation constant. For ¥ = 6 and N = 10, the results are * 4

2

* 9

almost indistinguishable. A somewhat similar conclusion was also K

obtained in investigations of an open dielectric image line by other K

-

)

authors [111,{13]. Q

. oo
In Figs. 8 and 9, the phase characteristics are plotted as a -1

function of h/d,which is the ratio of the dielectric core height to

the total height of the suspended H-guides for different dielectric

constants of the core and the normalized guide height. The values of

kz/ko computad by the mode-matching technique are shown in solid lines
g
whereas those calculated using the mean value of the effective parameter

. . - . :
e i ot misnnltin ket e

B

approximations are shown in dotted lines. Unless otherwise indicated, T

a0 a
P
Pl oy

these line designations are used for the rest of this section. For

adata

the fundamental E{l mode, poth techniques agree well except in the

PR I AP

range where h/d is small. In most cases, the values of kz/kO of the .-
=X . - .
Ei1 mode obtained by the effective parameter method are less accurate. For

the latter case, it was found that either the effective permittivity

1
. -
NI PN

or the effective permeability approximation alone usually provides a

better result than their mean value. For h/d less than 0.05, the

- .
RN e

field axtends far beyond the dielectric core. To obtain accurate

1

results using the mode-matching approach, the side-wall separation

.
L

must be large enough, and many more eigenmodes must be used. The

s A s

X
|

L on aw e

.
i TSy Y

computation and the convergence, therefore, are verv slow. For this

reason, the values of kz/ko for small h/d are not presentad. In this

‘e a2 al a4

case, other nethods, such as perturbation techniques {20],mav be

. I
RN RN

nunerically more efficient. "
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{EI '2 The effect of the aspect ratio w/h of the dielectric core on the

%:f e propagation characteristics of an uncoupled suspended H-waveguide is

E:f : shown in Figs. 10 and 11 for different values of €, and the normalized
/I

;.“ = guide height. 1In these figures, the ratio of h/d is arbitrarily

chosen to be 0.5. For a higher dielectric constant of the core, a

y X
11 @nd Epy

- . modes. As w/h increases, kz/k0 derived by the effective parameter

crossover occurs for the propagation constants of the E

- approximation approaches the mode matching values. This is expected,

o since for large values of w/h, the waveguide structure closely

resembles a dielectric-slab loaded parallel guide whose LSE and LSM

“» modes do not couple. The complete separation of LSE- and LSM-modes

is one of the basic assumptions in deriving the effective parameter

‘:n lj technique and, therefore, the results obtained by this technique for ‘
5;& . large w/h should be closer to the actual values. The reverse is true ‘
i;g - when w/h becomes smaller. When w/h and €, are small, less energy is }

: ?; concentrated in the dielectric core, and the omission of the 'corner" i

regions in deriving the effective parameter technique is no longer

o valid. For the E{l mode, the normalized propagation constants derived
' ﬁ - by both the effective parameter and the mode matching methods agree
- well, For the E?l mode, particularly for the lower dielectric constant
S case and near cut-off, the effective parameter approximation becomes

less reliable.

e Figures 12 and 13 are the plots of the normalized propagation
- constant of a single suspended H-waveguide as a function of the ratio

@F =i /

- $,/8q for different normalized guide heights. The top and bottom

P AN ',

¢ >
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dielectric layers are identical in this case, i.e., ¢ and

17 %3

1 = d. The frequency in Figure 12 is approximately 1.4 times higher

than that in Figure 13. For large 52/51, most electrcmagnetic energy
is tightly bound to the center of the dielectric core. The configura-
if tion of the core becomes less important since the field strength at
the dielectric boundaries is small. For this reason, the propagation
constants of the E{l and Eil modes converge when €, becomes large, as -~

shown in Figure 12. 1In this range, many higher-order modes also exist

in the guide. A somewhat similar behavior of the normalized constant a0

. - is obtained by increasing frequency. Figures 14 and 15 show the

V;$} dispersion characteristics of the dominant E{l and Eil modes as a A e

function of the normalized free-space wavenumber kod. In Figure 15,

‘7 only the results obtained from the effective permittivity approximation ;é
-\ .l\. ’

‘:;: are presented as the dotted lines since the effective permeability .
At :
"iﬁ method inaccurately predicts a high cut-cff of the dominant E{l mode. g
,:;3 Experimental results are also presented in these figures. The agree- ;?
2;3 ment between theoretical and experimental results of the E{l mode 1is .

very good. A combination of a sliding short alceng the dielectric core -

X ; and a reverse coupler at the input of the suspended H-waveguide has —
- ‘) .-'
A4S e
s been used to record the standing wave pattern in the guide [21]. .
4?} Energy was launched from a metal waveguide; the dielectric core is made -
.;'.-: -—

of alumina (sr = 9,8) and stycast (sr = 3,75). The insulating top and

3

N
} bottom dielectric layers are copper clad RT/Duroid with an e = 2.3, o
. The tapered transition from the suspended H-waveguide to the metal ]
3 \ -, T
f! waveguide is shown in Figure 16. All measurements were done in the =4
T
::" Z-band. -
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“} Thus far, only a single guide, which is symmetric both in the -
;;l x- and y~-directions, has been studied, Figure 17 shows the normalized
%ﬁi propagation constant of the fundamental E{l and Eil modes of a single
- suspended H-waveguide whose top and bottom dielectric layers are not T
E;S identical., 1In this case, the thickness of the top layer is varied
:§3 while that of the lower dielectric layer remains constant. kx/kO is
- plotted as a function of h/d for different dielectric constants £ )
SO -
Eis (si = 2.3 in Fig. 17a and g; = 3.75 in Fig. 17b). For small values s
2&2 of h/d (large separatiomn), the top metal ground plane has virtually no E
ek influence on the propagation characteristics of the guide. 1In these e
;E; figures, the effective parameter approximation accurately predicts s
.§35 the behavior of the normalized propagation constants and can always .
{ . be used to check the existence of a particular mode before using the ;?
Eﬁ mode-matching method. .
%i% The dispersion characteristics of a couple suspended H-waveguide o |
' as a function of the normalized free~space wavenumber kod are shown in f: i
- S
;ﬁ Figs. 18 and 19 for different dielectric constants €, of the core. As -
55 irequency increases, the field strength outside each dielectric core ?;
P R
%R becomes smaller, and the propagation constants of even and odd modes
f . approach the value of an uncoupled structure as the influence of one o
;iﬁ guide on the other becomesnegligible. In these figures, subscripts .
-j e and o imply a pmc wall and a pec wall at x = -a, respectively. For -
3%; example, E{le represents the even E{l mode (pmc wall at x = -a) while
;;E gilo represents the odd E{l mode (pec wall at x = -a). The same sub-
i@ script designation applies to the Eil mcde. In Fig. 18, where the .

.
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dielectric constant of the core is much higher than that in the

surrounding medium, the normalized propagation constants of even and
odd modes of both E{l and Eil modes converge rapidly as frequency
increases. For a lower dielectric constant of the core (see Fig. 19),
the fields are weakly bound and, therefore, all modes convergze at

much higher frequencies. kz/ko obtained by the effective parameter
approximation always approaches the mode matching's values at higher
frequencies. However, . in the nermalized frequency range investigated
here, the difference between the two techniques is substantial. Hence,

for clarity, only the dispersion characteristics derived by the mode

matching method are presented.

3.2 Normalized Propagation Constant of Other Dielectric Waveguide
Structures

It was mentioned previously that the method of analvsis for the
suspended H-waveguide could also be used for other planar dielectric
structures of rectangular cross-section. Information in Figs. 7 and 15
shows that the analysis of a totally shielded structure can be used
for an open dielectric structure if the wall separation is large enough.
Therefore, by using all or part of Eq. (21), the propagation character-
istics of many open dielectric waveguide structures can be obtained.
The dispersion curves of some lowest-order modes of an image guide
(see Figure 3b) are shown in Figure 20. The range of kz/ko is between
1 and /E: since, for an open structure, the propagation constant ot
any surface wave mnde must be greater than the Iree-space wavenumber

and less than the intrinsic phase constant of the dielectric. The
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theoretical results of both mode matching and of the effective parameter
approximation are compared with the experimental results which were
published by Solbach et al. [1ll]. The agreement between theoretical

and experimental results is excellent throughout. The propagation
constant of the image line derived from the mode-matching method is
obtained by recording the zeros of the determinant of (22). The

field mode descriptions of an image-guide are the same as those in

a suspended H-waveguide. The image-guide has found many applications

in millimeter-wave integrated circuits, such as resonators [22}, leakv-
wave antennas [23], isolators [24], and phase shifter [25].

The partially loaded trough guides (see Fig. 3d) find applications
in dielectric leakv-wave antennas [26], and, in many cases, can be tsed
to reduce the radiation loss at a bend in an image-guide transmission
line [6],[27]. If the dielectric constant of the dielectric is high -
enough, backward prcpagating waves may exist in the structure which
can be used for reverse coupling applications. Since this waveguide
structure has been extensively studied elsewhere [10], only a typical
dispersion curve is presented here (see Fig. 21). The dispersion
characteristics of the E;l mode in the lower frequency range of this
guide are similar to the characteristics of empty parallel meral plates
whereas the E{l mode has a high cut-off. The dotted lines represent
effective dielectric constant curves and the solid lines are the mode-
matching values. o

Another important waveguide structure is the rib dielectric wave-

guide. This waveguide is verv similar to an insular guide (see FTig. 3c) .
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except that the dielectric guiding laver and the substrate are made from

the same material. Most of the energy concentrates in the dielectric

substrate layer. The strip merely acts as a guide to control the

lateral expansion of the field. To analyze this structure using the -
same equations derived for the suspended H-waveguide, the top layer of
the suspended H-waveguide is replaced by free space. The top metal
ground plane and the side walls must be placed far from the dielectric
core so that they have a negligible influence on the propagation of
the field modes in the dielectric core region., The effect of the
side-wall location on the propagation characteristics has been demon-
strated in Figs. 7 and 17. The dispersion characteristics of a single
dielectric strip are shown in Fig. 22. Again, only the effective
permittivity values are presented since the effective permeability
wrongly exhibits a very high cut-off for the fundamental mode. Even
the effective permittivitv is not accurate in this case as the curves
of the E{l mode in Fig. 22 show a substantial difference between the ~
effective permittivity and the mode matching techniques. In deriving
the effective parameter approximation, we have assumed that most energy
is concentrated in the dielectric core. The "corner" regions in the
substrate could, therefore, be ignored. This assumption Is not valid
in a rib dielectric waveguide since most of the energy is actually .-
confined to the substrate region. Consequently, the values ot kz/ko
derived by the effective parameter approximation do not represent the
true dispersion characteristics of the field modes in a rib dielectric

waveguide. 1If the dielectric constant of the core becomes higher, e
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will approach the mode matching values as indicated in Figure 17.
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3.3 Field Distribution of a Suspended H-Waveguide and Other Dielectric
Structures of Rectangular Cross-Section

It is well-known that the effective parameter approximation is

adequate for calculations of the propagation constant., It does not,

A -
:ﬂk however, provide accurate information on the field distribution of the o
2N
.9 . . . . . N
N waveguide structure since the fields in certain regions are totally
S 3 }
i".\

ignored. The mode matching technique can theoretically provide exact 6l

field distributions in the dielectric waveguide if an infinite number of -

eigenmodes are taken into account., Due to the limitation of computa-

tion facilities, an infinite number of these eigenmodes (or terms)  §
> ,

must be approximated by a finite series. Hence, the numerical accuracy

can be limited by computer storage and computation time. In general, ’ o

when the waveguide is operated near cut-~off, the fields extend far -~

P

away from the dielectric core. To accurately represent a true open

A
P A

. dielectric guide, such as an image-guide or an insular guide, or a -

ICe
4

»
i

partially open structure such as the suspended H-waveguide when using
o the mode~matching technique, the theoretical metal enclesure must be o
enlarged to minimize its effect on the propagation and field charac-
teristics of the guide. Consequently, a greater number of eigenmodes -
must be used to maintain the same degree of accuracy. More terms -~
are necessarv since a larger number of slewly varying eigenfunctious

in the cuter regzions are required to satisfy the boundary conditions ral
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across the dielectric interfaces with the rapidly varying fields in

e
!
-
.

‘

the core region. On the other hand, when the dielectric waveguide

core has a higher dielectric constant or when the guide is operated far

N TR TP

beyond cut-off, the fields decay quickly away from the dielectric
core, necessitating smaller wall separation when applying the mode-
matching technique. 1In this case, fewer eigenmodes are necessary.

The effect of the total number of eigenmecdes on the field character-

. - e b .
BIPTSNS N S Sy

istics of a totally open-or partially open dielectric waveguide will

2.8

be discussed in this section. Unless otherwise indicated, equal

-3

numbers of the LSM and the LSE eigenmodes are used. Since the field
distribution of Hx is very similar to Ey and since Et is similar to

Hv, cnly Hx and Ex are presented as the transverse fields. The plots

- y . . -
of Hx, Ex, Hz and Ez of the Ell mode versus y/h in a single susp-nged
H-waveguide for different x-locations in the guide are shown in

Figures 23 to 26. For these figures, the modal expansion for the fields

consists of ten modes. The top and the bottom dielectric layvers are

identical, i.e., 1 = d and € = 2, All the electric field components

in the guide are normalized to the amplitude of the dominant electric

field and all the magnetic field components to the amplitude of the
dominant magnetic field. By comparing the amplitude of each field

cemponent at different v-locations, one can visualize the lateral

v

il mode, the x = 0

distribution of that particular field. For an E
nlane is equivalent to a pmc wall; cherefore, Hz and E_ are equal

to zero at this plana. Ffar awav from the dielectric ccre, e.g., at

X = 2w, more energy is concentrated in the top and the bottonm
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dielectric insultating lavers as indicated by an increasing amplitude
of H‘ for v > h as indicated in Figure 23.
- Inspection of Figures 23 to 26 indicates that with ten eigenmodes,

) the matching of the field components at the x = *w interfaces is

S e e - NN .
LIPS Y T T S Sy WTTE DL DLW

“~

excellent except for the normal electric field component. (For a

i
Y

p complete description of the waveguide parameters, see Figure 2.) Matching

across the y = *h interfaces is more difficult since Ex is a continuous

- . - + o , - . -
function of x at y = h , but a discontinuous function of x at y = h .

ORI ."A-*L'AIJ;)" .

The matching of the dominant field component Hx’ however, is excellent

Aol

throughout.
> The lateral field distributions at different v-locations and the .

tests of their convergences for different numbers of eigenmodes are

L3

( shown in Figures 27 and 28. The general shapes of the distributions
in the insulating layers, e.g., v = 1.4 h, and in the dielectric X
core region, e.g., v = 0.5 h, are very similar. This is a clear . ' ' N
justification for the effective parameter technique in assuming the
dielectric core as an infinite slab in deriving the transverse

;, characteristic equation of kx' The plots of the fields for ¥ = 7 and

N

2 are almost indistinguishable. Except at v = *h, the matching

of the Hz component at other locations is verv good.

0
.

.. : Figures 29 to 32 are plots of Hx, Hz, EK and Ez at the x = 0.5w

P8,

plane in a single suspended H-waveguide whose top and bottom dielectric

N lavers are not identical. The top laver has a dielectric constant -

. = 3.75 while the lower laver has ¢, = 2.3 The field components
-

q in this structure are 10 lonzer svmmetric in the w-direction. Since -

G

‘.
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mode

Figure 30. Normalized field distribution of H_ of the Ei‘
in the vertical direction at x = 0.3w in a single

el bt
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suspended H-waveguide whose top and bottom -

dielectric lavers are dissimilar.
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more energy is concentrated in the regions with higher dielectric
constants, the field maxima are shifted slightly toward the top
dielectric layer as clearly shown in Figures 29 and 30. As mentioned
earlier, Ey and Hy are not presented since their behaviors closely resemble
Hx and Ex, respectively. Except for the minor field component Ex’ all
field components match very well at the y = *th planes for N = 10.
Typical field distributions in the horizontal direction are shown in
Figures 33 and 34. It is interesting to note that,compared to Figure
27, the fields in Figure 33 decay much faster away from the dislectric
core since the dielectric constant of the core in the latter case is
much higher, and therefore, more energy is concentrated in the core
region. The plot of Ex at y = 0.5h clearly shows that more than four
eigenmodes are necessary to satisfy the boundary conditions at the

X = *y interfaces. However, when a few more terms are added, i.e.,

N = 10, the matching of this normal electric field component is very
good.

The field distributions of a coupled suspended H-waveguide are similar
to those for other coupled dielectric waveguide structures such as the
insular guides or the inverted strips. Because of the svmmetry of
the waveguide structure at the x = -3 plane (see Figure 2), the
fields are either svmmetric or antisymmetric about that plane. For
the symmetric mode (or even mode), the vertical plane at x = -a is
replaced bv an egquivalent perfect magnetic conducting (pmc) wall,
whereas for the case of the antisvmmecric mode (or odd mcde), the

vertical plane is replaced bv an equivalent perfect electric conducting
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(pec) wall. The analysis of the total waveguide structure is, there-
fore, reduced to that shown in Figure 2b. Since the general behavior
of the fields in a coupled structure is well-known, only the symmetric
mode E{le is presented here. The dispersion characteristics of a
coupled suspended H-waveguide have been shown in Figures 18 and 19.
Figures 35 to 37 are the normalized distributions of four symbolic
field components plotted at the y = 0.5h plane. The field strength
of the major magnetic component Hx (or Ey) is substantial at the pmc
wall as the maxima of the fields are shifted toward the center. As
many as ten eigenmodes are necessary to satisfy the boundary condi-
tion of the normal electric field component Ex at the x = *w inter-
faces. However, the matching process for Hx and Hz converges more
quickly.

The transverse field distributions of a single insular guide
(see Figure 13c¢c), which is an open dielectric waveguide structure, are
plottad for different vertical planes in Figures 38 and 29. In
computing the propagation constants and the fields of an insular guide,
the metal side walls must be placed far enough from the dielectric
core so that their influence on the propagation constant and the field
characteristics is negligible. The magnetic field plots in the hori-
zontal direction at y = 0.5h are shown in Figure 40. The matcning of
these ccomponents is very good even for N = 3. However, to obtain an

accurate field distribution eight or more eigenmodes must be used.

The investigation of the f{ield distribution in nany waveguide

; . ; Y . . - .
structures nas been concentrated on the £1; @ode only. “he plots of
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Figure 35. Normalized magnetic Iield distributions of the
E{le mode in a coupled suspended Hd-wavezuide

at v = 0.5h.
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Figure 36. Normalized field distribution of Ez of the
v . ; ..
Eile mode in a coupled suspended H-waveguide
t vy = 0.5h.
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X
g E H E and H respectively, of the E mode, which has £ as the
'_‘. X’ "k’ "z z’ P - 11 > 7 Tx

major transverse electric field component, in a single suspended H-

e waveguide are shown in Figures 41 to 44, Ey and Hy are similar to Hx

o and Ex in this guide and, therefore, are nct plotted. Unlike the

Eil mode, the longitudinal fields Ez and H_ of the Eil mode are very

.;} - substantial and are comparable to the corresponding major transverse

fields (see Figure 43 to 46). At the top and bottom metal ground

Ny
s planes (y = d, -1), the tangential Hz is stiil very significant. In
N fact, at these locations, Hz becomes the dcminant magnetic field com-
AR RS
- . LY
~ . =] ponent as shown in Figure 47, which is the plot of the normalized
e magnetic field distributions at yv = d. For this reason, the metal loss
] -
A - - X . . e . : . .
- for the Ell mode 1is also significant and is primarilv due tc this
97 magnetic field component. The matching at x = w is very good siace,
< - except for the normal electric field component, the fields at x = w
J ~ + . , v ..
0 and x = w alwavs coincide. As in the E‘l mode, the matchingz at the
1 horizontal interfaces v = *h is more difficult, Figures 45 and

46 are the plots of the normalized electric and nagnetic field com-

S ponents in the horizontal direction at y = 0.5h. The matching at
the y = 0.5h plane for N = 8 is excellent for all comporents.

.
(o)

A Ccnclusions

e, ™ The propagation and field characteristics for two fundamental
’ -
o R modes that have polarizations orthogonal to each other in manv
S0 dielectric waveguide struc:turas nave been studied. The method of
ii; ; analvsis derived for the suspended H-waveguide is gzeneral and can 2e
':x' '.'t
>
-

o

b
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applied directly to other single and coupled planar structures of

rectangular cross section. Even though the effective parameter

approximations do not provide very accurate results for the propagation

constants, in some cases they provide very useful information on the

whereabouts and the existences of certain mcdes which,

in turn,

can

be used as the initial values for iterating in the mode matching tech-

nique. By doing so, the computaticn time that cculd be wasted on a

random search by the mode-matching technique can be eliminated.

For a

high dielectric constant or at high normalized frequency, both technigues

agree well. The theoretical and experimental results for manv wave-

guide structures agree well throughout.
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4, LOSS CHARACTERISTICS OF A SUSPENDED H-WAVEGUIDE

The major sources of loss in most dielectric-based waveguide
structures for millimeter-wave applications operating at frequencies
beyond cutoff are the dielectric loss, the metal loss of conducting B
walls and the radiation loss due to bending. If the radius of curva- .
ture is sufficiently large, a general technique for determining the
radiation loss has been presented by several authors [28],{29] and,

will not be discussed here. The dielectric and metal losses of many

dielectric-based waveguide structures, such as the H-guide or the -
L2 4

e image guide, have been previously investigated [22],[30]-132]. There- .
S e
R fore, only dielectric and metal loss characteristics of a suspended =
\' -
AN H-waveguide will be studied in this section. -
-"--
X :
X 4.1 Metal Loss
N .
~- In general, the metal loss is proportiomal to the square root
[} —
s of the operating frequency and the intensities of the tangential nag- o
netic fields at the metal surfaces. A conventicnal image zuide that )
_v . R , o
supports che :bq modes has the dominant magnetic fielad ﬂz parallel to
- the ground plane. Metal losses are therefore dominant as there Is no -
separation between the dielectric core and the metal zround plane.
Recentlv, this metal loss has been reduced bv adding & thin dielectric ~
’ -

laver of lower dielectric constant batween the dielectric core and the

zetal ground plame [4],(7],since thzs Ji2lds decav racidle In the -
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‘4 I' dielectric laver. The proposed suspended H-waveguide utilizes
-~ . o)
‘ "~l .‘
AN the same principle to minimize the metal loss. Two low-loss dielectric ]
Ly W -]
S layvers are inserted between the dielectric core and the metal surfaces. K
i . s , X , . E
f c This principle also applies to the Ell mode since the parallel magnetic
o field components also decay rapidly in the insulating lavers (see -
wt N
Ml
‘n—\ - . . e . . t 2 . . :
e Figures 42 and 44). The increase cof dielectric loss due to the additicn J
R 1
) . . ‘s ; . . -4
of the insulating dielectric layers will be discussed later.
}; g The attenuation in nepers per unit length can be calculated by k
-f\ .
SN the conventicnal power loss method, i.e.,
A T
o~ .

. '.
PN W I

t

I where P is the metal loss per unit length and P
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] power in the gzuide. PL and PT are given by
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YR Y 1 | 2 4 (32)
oo ?. =>=R o 'H [~ d 33
= . L 2 3 J ' tan’
¢ l
J .‘
. " * .
. (Ex4) +» z da (34)
' '2 [l ,2 b r2 : ]2 - -
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Figures 48 and 49 are the plots of the attenuation in decibels per
meter of the E{l mode in a single suspended H-waveguide whose top and
bottom dielectric layers are identical. In Figure 48, the dielectric
constant of the core is 9.8 whereas €, = 3.75 in Figure 49, It is
evident from these figures that the metal loss is much lower when
two dielectric insulating layers are inserted. As explained previously,
the tangential magnetic fields decay rapidly toward the metal 3zround
plane in the dielectric layers whose dielectric constants are lower than
that of the core. The surface current on the metal plane is thersfore

small. 1Ia the absence of the dielectric lavers, i.e., h/d = 1, the

attenuation increases sharply. This is due to the fact that the dominant

tangential magnetic field Hx is constant in the vertical direction

throughout the guide.

It is alsc important that the ratio h/d should not be too small.

For small h/d, e.g., n/d=2.2, the fields are weakly bound. Jonsequently,

the tangential magnetic fields at the meral planes are significant

Q.
1

and higher me:al losses occur. Excepnt for h/ 1, the attenuation

-

curves for all other cases in FTigure 48 decrease as frequency Increases.
This feature can be beneficial when t! 2 guide is operat2d at the =aiili-
zeter-wave frequency range. In Figure 49, where :z, is much Lower, the
attenuation curves first increase then start to turn downward sharply
as frequencv increases. At lower frequencies, the fields are weakly
bound, and the waveguide resembles an empty parallel plate wazreoniie.

The attenuaticn is rcughiv proporticnal tou the square rcot St the

frequency. At nigher frequencies f(or higher dielecivic constant oI zhe
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core), the fields become tightly bound to the dielectric core. The
intensities of the tangential magnetic fields at the metal planes

are small resulting in smaller metal loss as indicated in Figure 49.

X

The attenuation curves in decibels per unit length of the E:l
Fs

mode
in a single suspended H~waveguide are plotted in Figure 50. With

the addition of the two dielectric insulating lavers, the metal loss

is significantly reduced as clearly indicated by the n/d = 0.2, 0.3

and 0.6 curves. Near cutoff, the metal loss of the ETI mode is very

high but decreases sharply as frequency increases. In general, with

the exception that the loss in the E{l mode is primarily due to the trans-

verse magnetic field component Hx whereas the loss in the mode is

X
El1
mostly due to the longitudinal field component Hz, the metal loss

mode and the Ex

characteristics of the Ey 11

11 mode are very similar.

4.2 Dielectric Loss

The introduction of the dielectric insulating layers in a sus-
pended H-waveguide significantly reduces the metal loss due o finite
conductivity of the walls. However, the addition of a large volume
of lossy dielectric materials may cause a higher dielectric loss.
Therefore, it is necessary to study the dielectric loss characteristics
of the guide to obtain a complete overall loss figure for a new wave-
guide structure.
The power loss technique can also be used to calculate the

dielectric loss. However, field computarion derived {rcm the mode-

matching technique fcr the power loss approach is ver: time-consuming.
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By introducing a complex dielectric constant to allow for a small

loss in cthe dielectrics, the attenuation constant 24 associaced with
lossy dielectrics can be obtained directly by a perturbation technique
which is based on the solution of the lossless structure.

The characteristic equation for the propagation constant of a

lossless suspended H-waveguide can be symbolically written as

D(€19€2’€3:kzatﬂ) =0 (37)

where D is the determinant of the system of linear and homogeneous
equations shown in Eq. (21).

In order to calculate Ay the parameters in (37) are replaced
by their complex counterparts. The characteristic equation for the

complex propagation constant Ez = kz - jad becomes

D(al,ez.as,&z - Jdd,w) =0 (38)
where

g = sl(l - j tan 51)

Ez = ¢,(1 - j tan §,) (

L)

9)
53 = 53(1 - j tan 53)

Tan 51, i=1,2,3, is the dielectric loss tangent in the respective
region.

Assuming that ¢, tan 3

{ { and 24 are small, the left-hand side

of (38) can be approximated by a Taylor's series in powers of iy, tan 5,

- -
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and jad about the solution of a lossless structure [33]). Retaining

only the first-ordered terms, Eq. (38) becomes

3 "
, s T - ;5 2 -
D(el,ez.e3,kz,a) +3 ) o tan oi e D(el,-z,e3,kz,u)
i=1 i
+ ja 2 D(€,3E,5€E,:k »w) =0 (49)
d akz 1°72°%3'"2°

The first term of (40) is zero by virtue of (338);: consequently,

3
Z e ta éi éﬂL
o = o 1=l i ,
d 3D (+1)
okz

All the partial derivatives in (41) are evaluated numerically bv
the finite-difference technique [34] once the longitudinal propagation
constant kz of the lossless structure has been determined using the
mode-matching method. In the calculations of the partial derivatives,
it was observed that the solutions converged quickly after a few
iterations then began to oscillate. The computations should be
terminated before this oscillation occurs.

Figure 51 shows the attenuation constants due to lossy dielec-

trics of the E{l mode in a single, suspended Hd-waveguide as a function

of the normalized free-space wavenumber. It 1s clear that the dielectric

insulating layers cause higher dielectric losses. At lower frequencies.,

the fields are weakly bound to the low-loss dielectric core. More

energy is stored in the substrate regions wnhich have a much higher
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Figure 51. Attenuation constant in decibels per meter of the Ej,
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mode in a single, suspended H-waveguide.
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. dielectric loss tangent and, therefcre, higher dielectric loss. Aas
- N
«
N . :
e frequency increases, most of the electromagnetic energy is stored in
o
.‘ . 2
A the core, which results in lower dielectric loss. Since the loss
N
- tangents of the substrates are much higher than the loss tangent of
- the dielectric core in this case, e.g., tan §,/tan §, = 6, most of the
<. L
i» dielectric loss is due to the substrates. If a lower-loss copper-
\¢ cladded dielectric sheet is available, the dielectric loss of the
> o'
s suspended H-waveguide should be much lower. However, for given
-
.;- waveguide parameters, the total (dielectric and metal) loss of the

suspended H-waveguide (h/d = 0.6 and 0.8) is still lower than the

"uln g
o 4 se”
-4 Aot

total loss of a conventional H-guide (h/d = 1) as Figures 48 and 51

-
2,

indicated. For h/d = 0.2 and 1 in Figure 51, the dielectric loss

’

§ increases monotonically as a function of frequency.
4
:a Figure 52 shows the attenuation constant due to lossy dielectrics
o
o N .
*:y in decibels per meter of the Eil nmode in a single, suspended H-waveguide as
o

a function of the normalized free~space wavenumber. Near cutoff, the

<y
N: dielectric loss is extremely high but decreases sharply as Irequency
N n
3 increases. For h/d = 0.6 and 0.8, the dielectric loss curves of the ;% i
>~ X . . . 1 £ .
— El1 mode in a suspended H-waveguide are verv close to the curve of a —_

conventional H-guide (h/d = 1). The combined total loss,wnich con- ' )

sigsts of the dielectric loss and the metal loss, is, therefore, much

less if two dielectric layers are inserted since the metal loss of a
suspended H-waveguide is very low as compared to that for a conventional H-
.. - .

4 waveguide. In Figures 50 and 52, the total loss of the Z7, mode Is

lowest when the ratio h/d is about 0.6. vy
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i In Figures 48 to 52, it appears that the dielectric losses

0 dominate the total loss figure. However, in practice, the surface

A conductivity at the millimeter wavelength becomes lower [35], and the
E metal losses become higher. The impact of the suspended H-waveguide -
should be more profound since the control of the metal losses becomes

very important at the millimeter wavelengths.
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. 5. APPLICATIONS
;ﬁ The energence of the dielectric-based millimeter-wave integrated

circuits requires the development of a totally new class of dielectric

!? components. In a conventional microwave circuit, discrete components
_ are connected together by many tyvpes of connecters to form a complete
kl system. At the millimeter-wave frequency, a circuit inveolving many
;} discrete components is usually very expensive and cumberscme. 4also,
-~
) losses due to connectors are usually nigh.
;ﬁ A dielectric-based millimeter-wave integrated circuit, on the
) other hand, usually consists of a common ground plane or a commen
-
. substrate on which the guiding structure and associated compeonents
ol are located. The use of connectors in the circuit is strongly dis-
| suaded. A prime consideration from the structrual viewpoint in a
~
R millimeter-wave circuit is the adaptability of the guiding structure
-

for other circuit components. By appropriate manipulations of the
!! basic guiding structures, many components can be constructed cheaply and
o efficiently. TFor the image guide, iasular guide and inverted strip
3 guide, many of those components have been introduced. Applicacicas,
cq such as dielectric resonators {36], directional couplers [37],{38],
R ferrite isolators [39],[40}, phase shifters [41], and leakv-wave
é; antennas [42],[48], have been published in the literature. Cther
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5.1 Cvlindrical Dielectric Disc Resonators

Because of the unique arrangement of the dielectrics in a sus-
pended H-waveguide, a cylindrical disc resonator can be constructed as
described in Figure 53a. A circular dielectric disc of the same
height as of the dielectric core is sandwiched between two dielectric
insulating layers. Because cof the metal enclosure, the dielectric
disc is locked securely in place and no bonding material is needed.

The dielectric constant of the disc can be different from that of the
guiding dielectric core allowing the use of high-permittivity materials
for hizh-Q applications.

The traditional techniques for analyzing the cylindrical dielec-
tric resonators have been based on the open-circuit boundary (magnetic
wall) model {44]. Simultanecus applications of the perfect and im-
perfect magnetic walls resulted in a better prediction of the resonant
frequency {43]. KXonisni et al. [46] introduced a more complicated
method based on the variational procedure and predicted the resonant
frequencies within a 1 percent accuracy of the experimental data. Itoh
[47] applied the technique originally developed by Marcatili [18] for
analyzing the propagation constants of a rectangular dielectric wave-
guide to accuratelv predict the resonant frequencies of the TEng mode.

The simple analytical technique described by I:zch is used here
to analyze the resonant structure shcwn in Figure 33a. To conform
to the waveguide parameters used in previous secticns, the structure
adopted {or analvsis with familiar dizensional parameters is depicted

as Figure 533b. The dielectric constant of the disc is much higher
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than that of the dielectric insulating layers. When 2 and €y = 1 and
the substrate thicknesses t and 1 app =ch infinity, the structure to
be analyzed becomes the resonator in free-space in [44]-([46].

In a high Q resonator, most of the electromagrnetic energy is -
stored in the disc (regiom Z) and decays exponentially in regions 1,
3 and 4. Much less energy is concentrated in the corner (or the shaded)
regions. Consequently, only a very small error is introduced if the

matching of the tangential fields is applied to the boundaries of

region 2 only. The corner regions will be ignored entirely. Assuming

no circumferential variation, the vector potential that has a single
component in the y-direction can be written as
f
[sin{kil)(y~d)] ]
Al } Jo(k‘ir) region 1 (42a) LA
[cos(k (l)(y—d)?J
vy ) (
iJ (k_,r); region 2 (42
6 = { (A,,sinvrk(z)y] + A3cos[k(3)y”{ L
27Uy y 7)) (Ko (8;07) | Tesion & (42¢) -
{sin{ki” (y+l)”
A, 4 ’ 3, (kD) region 3 (22d) -
lcos(k(3)(y+l)
\ L y -
where '5
2 _ (- 2
elko ky + koi
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1’ i =1,2,3,are the relative dielectric constants of the respective

S - r .
regions: k = . ve u, = free-space wavenumber; A

A, and A, are the
o o) ~

17820y
unknown amplitude coefficients; and Jo and ko are the 3essel and the modified
Hankel function of the second kind of order zero, respectively. The

upper line in the brackets in Eqs. (%2a) and (42¢) is for the TE' mode

while the lower line is for the TMy mode. All field components can

be derived from (42) [48]. With no circumferential variation, E, =

"

ED = H = 0 for the TE mode, whereas Hy =4 = E 0 for the TM mode.

b

By matching the tangential fields at r

©
©

1]
e
£
A
<

< h and at v = zh,

0 <r < a, the following coupled characteristic equations are obtained.

TE’ mode:
1 T 1 1 ’ 1 = A
&OoKo(kooa) “l(&aia) + ‘si‘l(‘ooa) Jo(kpia) J (L4)
and

Equation (31)

v
™’ mode:

]
o
o~
i~
wy
~

szkooxo(kpoa) Jl(koia) + kpinl(kcoa) Jo(xoia)
and

Equation (27)

The resonant frequencies of each mode are obtained bv solving the

respective set of two characteristic equations simultaneously. The

-

mode designation Zor the TE and the TM modes are TE and T
omn cmn

respectively. The first index is zero since there is no circumieren-

tial variation; the second index represents the order »f the roots in
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the radial direction; and the third index indicates the number of f{ield

maxima of the dominant electric field in the y-direction. For example,

o
013

[46]. ~

TEOll is the dominant mode instead of TE as described in Reference

The rescnant frequencies of the TE mode plotted as a function

011

of the geometrical dimensions are shown in Figure 54. Figure 535 is

a special case when the substrate's thickness approaches infinity and

€1084 = 1. The numerical results predicted by the present method L

agree well with the experimental results published by Konishi et al.

{46]. By comparing the resonant frequency curves in Figures 54 and

55, it is obvious that the removal of the dielectric substrates and

the ground planes only causes a small change in the resonant frequen-

cies of the structure. Since the dielectric constant of the dielectric é‘

cvlindrical disc is much higher than that of the substrate, most of

the energy is concentrated in the disc. 1In the substrate regions, the

fields decay extremely fast. Consequently, the removal of the dielectric by

substrates has a minimal effect on the resonant frequences of the

structure. .
Figure 56 shows the curves of the resonant frequencies cf the

TM011 mode in a cvlindrical disc resonator as a function of the geomet-

rical dimensions for two different values of the dielectric constants N

of the disc (ez = 35 and 88). -

LA Y

5.2 Dielectric Ring Resonators

.
a u

e Qi

This section describes two novel dielectric ring resonators that -

oS
)

can be efiicientlv integrated into a dielectric-based MMW-IC to provide
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filtering effects. They are particularly useful in a system that
employs the suspended H-waveguide as the guidirng medium. Figures 57
and 58 show the top views of these resonators and the equivalent
signal flow-graph schematics. The shaded regions in Figures 57a and
58a are the waveguide media, such as the dielectric core of a suspended
H-waveguide. The metal side walls at ports 3 and 4+ are short-circuit
terminations. The resonant effect is due to the standing wave created
by these terminations. The signal flow graph analvsis {+9] will be
applied to the scattering equations to predict the frequency response
of these resonators. The following assumptions are made in our
formulations: (a) all guides have identical characteristic impedances,
(b) the directional couplers have infinite directivity, and (¢) the
resonators are psrfectly matched.

With these assumptions, the frequency responses of the resonator
structure shown in Figure 57 can be approximated by the flow graph

analysis as follows:

!
!SHi e o )! (36)
| Il te” e l
and
is i %cze-yl l (47T
] ) ‘.
1111 11 - (22

where t,c = transmission and coupling coefficients of the directional
coupler
Y s jkz, complex propagation constant in the half-ring

{ = mean length of the half-ring (see Figure 37a).
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II kz is approximated by the propagation constant of an uncoupled straight

) guide. &, which is the attenuation constant in the ring, is comprised

L R B N g
.
a o at o a”aL ok A o

- of the dielectric loss, metal loss and radiation less. These losses
4
a were discussed in Chapter 4. TFor a symmetric coupler, the transmission 3
- ]
- and coupling coefficients are given as [30],[51] J
4
- E
4 !
N .
> -j6/2 2 4
t = cos ) e (48) !
2 s
< .. -i$/2 . 1
¢ = jsinse (29) g
L
[N s
o where 3
[k
i Tz,even z,0dd 2 - ‘
- i 2 oC
. L J 1
s :
and <_ is the effective coupling length. t and ¢ can be calculated eitcher 4
b 1
»® L
'I by the mode-matching or the effective parameter techniques. For a l
9
nonsymmetric coupler, it is usuallv impossible to predict t and c¢. In 1
) this case, an effective coupling factor must be experimentallv deter-
[T mined before the frequency response can be calculated. The resonant :
- 1
1
conditions of this filter occur whea !S,. ! = 0. From Eq. (i4), this 4
correspcnds to .
]
? Tiﬂ
}{ ¢ Tn ﬁé . a=1,2,... (31 |
s where \_ is the waveguide wavelength at the resonant Irequencv. j
w . . . - ) . . .
The filter shewn in Figure 538a is also analvzed by the signal
A
?2 -:: f£low graph technique. From Figure 58b, the scattering parameters Ior
Y
- this structure can be derived as

1Y
.
™

PPy




(33)

-

where 1 is the length of the curved section on each arm of the resonator

(see Figure 58a). At resonance, }Sle = 0, which corresponds to

;\‘ [

1%

(n + =) X . n=1,2,... (

aQ
i
i~
~

For botn resonator configurations, a quick glance at the frequency

response expressions reveals that 521 has the characteristics of a band-

reject filter, while Sl'l behaves like a band-pass filter. With an

>
additional directional coupler at the input pert, these resonators can

be used either as a band-pass or as a band-reiect filter.

5.3 Suspended H-Waveguide Leaky-Wave Antennas
Another possible application of the suspended H-waveguide is the

leaky~wave antenna. The waveguide structure can be converted into a
leaky-wave antenna (or a periodic band-reiect {ilter) bv edzing
periodic narrow slots on the top metal surface along the propagation
direction. The geometrv of the leakv-wave antenna is shown in Figure
59a. This antenna is frequency scannable simply bv varving the
operating frequency, and can be flush-mounted. Since a2 ccemplerte

investigation of this antenna is bevond the scope of this thesis,

)
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only the formulation c¢f the sigenvalue problem for finding the complex
propagation constaunts in the structure is presented.

The analysis 1s based on the spectral demain appreach in which
the Galerkin's procedure is applied in the Fourier transform domain.
A dual formulation for an image guide leaky-wave antenna and a band-
reject filter has been published recently [32},[33].

As a first step to solve this problem, the dielectric core is
transformed into an infinite slab in the w-direction via the effective
parameter technique described in detail in Section 2.2. The cross

Y

section to be analvzed is shown in Figure 39b. Cnly the LS’ node

will be considered here evern though the same procedure can be applied
£

to the LS mode.

Because of the periodicity of the structure, the vector potential
and all field components must consist of all space harmonic terms.
g . . . . . .
For the LSM" mode, the Hertzian potential and the field components ot

interast are

x
_e A~ Y o (%,y) exp(-ik z)
P an( ' p(-] zn?)

- (33)
sl - n -
x
E L= 5 (z,7) exp(-jk__z) {3%)
FA 3z 3V n;—*’ n 2n
-
H, ~ ¢, ) (,7) exp(-ik =z (
=z i la pn\"i.) "p( - zn )
n:—@

where k a is the prcpagation constant of the a-th space harmonic and
z

i

is related to that of the fundamental mocde by

~
I
P
t
L
«
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¢
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o
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N ! where kz is the propagation zonstant of the fundamental mede, : is
. the attenuation constant of the structure, and d is the pericdic siot
spacirg. It should be mentioned that the propagation constant of the

[ - n-th harmonic is different from other harmonics, but the attenuation

»

constant is the same for all harmonics.

-~ In the spectral domain, the potential as well as the field

0

0

=]
i

P
a,
AP
)

ponents are Fourier transformed via
k ,v) = f p_(xX,v 3 jk_x 2 (5493
(k. »¥) | v, (x,¥) exp(jk x) dx &

where 51 satisfied
L

¢
ro2 23
d i)%t -
- - n(l) $ (k. ) =20 s i=1,2,3,4% A0
. 2 n X,y
{ dy ’

i
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»
S From now on, the symbol~ will be understood as being the fourier trans-
~ %
SENS
e form of the quantity without it.
-y The appropriate solutions for the above differenrtial equacica are:
oo 1 _ 3 (1), A
" a( ) = A exp(_nk )(y-h—d-l)) s Y>h+d+1l {(hla)
.‘_.. . el n —
SN 2y T (), - 2, . o o
: oé ) 3 sina(s’ )(y-ﬂ-d)) e coSh(ﬁ(“'(Y‘ﬂ'd“))v itdcychrd=l  (215)
1 T { -
. -
W -«
ORI (3) = . (3 . = . (3) . L -
N - Qn = D“ sinh(n (y-h)) + £, ccsn(r (v-h)) , D<v<n+d (nlcy
L a
N .,
N (4) _ z (4)
a PR ] - B - ..
- - 3 = F_ cosn(n O<y<h (ALd
N n n ( y) y VRV a)
: whers2
. )
. 1y~ 2 %
O 1 L2 2
.- —‘( 4 = % + - k
L % zn )
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® - () _ .2 .2 L2
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2
(3

2
n(a) = ki + k2 - € k2

In (64), u* is the effective permeability of the TMy mode in region 2.
Sn,...,?n are the n-th harmonics of the transformed potential in each
region. Since the boundary conditions with respect to the x~coordinates
are defined for all x's in the space domain, thev will be defined for

all kx's in the transform domain, i.e.,

at y = h : 5(4) = ﬁ(3) (»n3a)
X x
(4 _ z(3) (53b)
.z z
. - (2 .
at y = h+d : \i3) = Hi ) (busa)
83 2 g3 (54D)
z z
it . =(2)_ (1) _ z -
at y = h+d+l : £, Ez nz(kx) (n3a)
(1) =(2) _ 1 -
Hx - H Jz(&x) (65%)

where Ez(kc) and J (k‘) are the Fourier transforms of the unknown
K Z 2

tangential electric field E_(x) in the slots and the unknown current

<

.

gz(x) on the metal portion, respectively, i.e.,

{L/Z
£ (k) =, E (x) exp(jk_x) dx (bR
j—L/: X

The z-dependencs is not affected dv the Fourier transicrm and has
been excluded to ootain simplified expressions. Since Evﬁkx“ is

-
Lo

periodic, we have
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F E (k_,2z) = 7 E (k) exp(~jk_ = (67

: 1 ) Jkez) = 1B (k) exp(-k, @) (67)

o . n=-—x
A or
AT W
BRI Eo(k) == [ E (k_,z) exp(jk_z; dz (68)
e zZ,n° X d Jo z %x zn (4

i s . . . = . -
A W is the width of each slot and Ezn are the space harmonics of the
- .'_: surface slot field Ez' Using (67) aad the boundary conditions {(Ala)-
JOR (65a), the unknown harmonic amplitudes can be expressed in terus of

o space harmonic éz q(k‘{). Finally, the last boundary condition (b3t}
:_,-j I T .
COXI is enforced to obtain the following expression for Jz.
(-

-". ; -

v J k)= ¥ & (x.,k_)E (k_.k -i%__z) 69
s 2Ky né ) ¢ < Kon z,n( <’ zn) exp ( ik, 2) (69)
".- e

NS where the

1 (2 @ )
; . ( £ .'1( )[P sum(n( )L) + P cosn(";( )L)} :
‘ = - 1 b 1 1 2 :
A Gn(ktn’kvn) = SR ;
k_n (2) L (2) ) 5 ., (2 Pl

e s zn { n [cosh{n"""2) P.+ sinh(n )y T2y
RN

A and

v L] f (/) 3 ( 9 ;

4 . 4 2 . 3y, . 4),

(. et P, = s.{e n cosh(n( )d) sinh(n )h) + z r\.( ) smn(n( )C\)COSF‘.("[( )n) L
LR ] z l it 2 3 5
-‘.:o L )
-:__n (A) ~'
2)) 2 . 3 . 3 3 L (8
PR Py = n( ) €,y n(3) s:.nh(n( )d) smh(n< )h) + azs3cosh(.’x( )d)cosn('\( )h)}
Ly L7 n )
i =~
, - Before applying the Galerkin's procedure, the unknown Ez(k‘) is
._:(. *
.:~i: g expanded in terms of known basis functioms, i.e.,
I-r' .--

‘.f -n.

o & N
-l E (k ,2) = 7 a_ E (k. ,z (70
..t.. - Z( < ) mél 1 "'z,m( :("‘) [V
SRR

k3 )

e where a_ is the unknown constant, and the basis functicns must be chesen
3

SRR .

@ such that in the space domain they are non-zero oniy in the slots.

_3 . For the 1SM’ mode, the basis functions can be chosen zis

end
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- (Co-1)z ) (2(m=1)7 o -
E < = etk A S it D o mELL ) ... !
z,m( »2) cos( T j cos [ i i .
L L W W L j
-3 ix<5 and - 72z =3 1
i
From (68), (69) and (70), the transform of the unknown current Decomes: f
= M N )
J(k,z) = 7 ¥ aG (k,k E (k_.k ) exp(-ik__z)
PSS & <. "mn x zn z,m,n X  zn - zn q
n=-« o=1 )
4
. |
= 7 3] exp(~jk__z) T2 RO
LI,k a2) exp(-jk, 2) (72) N
n=-o . )
<
where & and J_ are the amplitude co=2fficients cf the n-th space ;;
_ z,mn 374 Jq (
=2 . : e 3 = - 1 P < >ix v )
:: harmonic of Ez’m(kx,z) and Jz(kx,z), respectively. Ez.m,n is ziven by o
.:\‘. N 1
~ . 1 [w - 4
y X sx_ ) =<1 E k xp(ik__z) d .
E ma®c %’ =3 i 2,m Kxr2) exp(ik 2) dz e }
L
cos(k_L/2) sin(k_ wW/2) . ;
. X zZn .-
~(2m=-1) & ~ P ) 9 -
- e L) -((e-DT Y (kW) T=(2(me1)T) " ‘
X p) .e .zn -\ 1 i
(73) -
<, L
Now, over a unit cell, the Galerkin's procedure is applied by taking the k
. % A =]
inaner product cf J_ and Ez s for different values of s and sum over -
- )

all n. The following matrix equation is obtained.

~ ~ . = . . 3 -
Gn(‘x’kzn) Ez,:n,n(kx’Kzn) Lz,s,m(kx"zn> ka a 0 ’

The fact that the left-hand side equals zero comes directly Irom the

Parseval's theorex, since in the space domain,Jz and Ez are zero in the

e ,‘;_.‘-_-_ L TN
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complementarv regzions. A nentrivial solution for a exists cnly
the determinant of (75) equals zero which is also the eizenvalue
equation that determines the phase censtant of the dominant space
harmonic. If only one term of the slot field distribution is taken

into account, the complex propagation ceonstant is then obtained from

the following eigenvalue equation.

[ - N -
| G (ke,k )|E (kesk, V| k=0 (733

- i

Z,1,0

The sclution for the complex propagition constant cf the funda-
mental mode can be obtained by a numerical procedure which sa2arches
the roots of (74) within some numerical tolerance [52]. Since all ceon-
stituents of (73) and (735) are symmetric with respect tc real kx' the
integration need be carried out onlv along nalf of the kx axis. More-
over, accordirg to Reference 32, there appears to be ¥it:le or no
contribution to the expression beyond a certain value of kx’ and the
integration can be truncated accordinglv. The range of 'a. in thease
expressions can be as small as 2 [52].

The real part of the propagation constant controlis the main beam
direction while the attenuation constant » decermines the beamwidth
and aperture efficiencv. It accounts for the radiaticn loss and is

strongly influenced by the size of the slots. 3Since the amplitude ratic

of each element in the slot arrayvs is determined by x», the radiation

rn

pattarn in the plane that contains the longitudinal axis of the
antenna can be computed readiiv. The radiation pattern in the -rans-

verse plane can be approximated by that of & slct antenna. The

AN L N,
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angular direction of the leaky beam measured from broadside in the :
v-2z plane is approximated by e
8 = sin l(Re(k. /k)) (76)
n zn’ "o -~
This equation can be used as a tcol to determine the relationship
between the main beam direction and the periodic spacing d of the slot. -
For antenna applications, the structure'’s parameters are usually designed
such that only the n = -1 space harmonic will radiate.
o 5.4 Horn Dielectric-Filled Leaky-Wave Antennas
YO
\“}: The antenna described in this section is designed for integration i
d -
o)
i‘:; with the millimeter~-wave circuits that employ the image guide or the
b > -
‘_ trapped image guide as the guiding medium. In this structure, the & .
~i.‘.-
o dielectric guide with pericdic perturbations on top is embedded in a .-
~ -\ - -
Qi rectangular trough with metal flare attached along each side as shown
o
1 . . . 1 %3 - "
in Figure 60. With this arrangement, the antenna behaves like a linear
array in the longitudinal (or E-) plane which is the plane zentaining
the longitudinal axis of the antenna. In the transverse (or H-) plane, O
. v a2 k3 3
- the radiation pattern resembles that of a horn. Unlike the periodic .
o o
3 slots of the antenna described in the previous section, the periadic
o :
S perturbations in this antenna structure are metallic strips which ars o
N =
painted directly on the dieiectric guide. These percturbaticns cause
’.."'1 -
v . PR : : =
$\{ the guided-wave energy to radiate off the dielectric zuidinz struccure. -,
e ’
AN Each of the strips behaves like an element of a linear arrav. A
N -
MR
complete discussion 2f this antenna structure can be found in Reference -4
o
o {26]. Some excerpts from that reference are presented here. N
}_;4 )
5 :
\l
¥
o !
L) 5“
>
o : : e e et e e
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MetalFlare

\

S 34 mm ,/////7 7 7///'/’:
\ TV 7
Dielectric S
Leaky-Wcve 34mm
Antenna

Figure 50. Horn dielectric~filled trough leakv-wave antenna.
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At each strip, it is desirable that the rate of energy radiated
be small. Thus, a portion of the guided-wave energy will propagate
through the entire antenna length, which implies a larger aperture.
But equally important, the guided energy should be completely radia-
ted by these strips so that there is no energy left at the antenna
truncation which would radiate endfire. Experiments show that the
rate of energy radiated along the dielectric leaky-wave antenna struc-
ture is strongly influenced by the width of the perturbation strips on
the top surface of the dielectric guide.

For very narrow strip widths, the radiation f{rom each element is
so small that a very long antenna has to be constructed to radiate all
energy in an effective manner. On the other hand, if the metal strips
are too wide (>0.5 kg), the bulk of radiated energy is produced bv the
first few strips and, consequently, the effective aperature is very
small. Also, for large strip widths, the sidelobes are very high, due
probably to the large mismatch at the first strip.

It is well-known that if the attenuation rate of the traveling
wave in the z-direction due to the energy leakage at the leaky-wave
region of the antenna is a constant (neper/m), the radiation pattern
is not symmetric about the main beam direction. Therefore, the energy
transfer from the leaky beam to the surface wave, and vice versa, is
not optimum [55)}. A suitable modification of the geometry in the

leaky-wave region of the antenna should be made to obtain a slowly

T
-

rt.

varving leaky rate to increase the conversion efficiencv [38].

the variation of the strip width is correct, all the surface energy
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will convert into a symmetric leaky beam (and vice versa). This can

1
1
4

be done by tapering the size of the periodic scatterers {35] as
shown in Figure 61. Since the mechanisms of perturbaticn and radiaticn
are not clear, only the widths of these metallic strips were experimentally

investigated. The width of the m-th strip is found from the

following empirical relation:

((0.15 + 0.015(m~-1)) Kg’ m < 18
W = (77)

0.4 lg s m > 18

where A is the guided wavelength. For slight perturbation, the rzal
part of the propagation constant of the structure is approximatad by
that of an unperturbed structure.

For periodic strip spacing, the angular direction 2
wave beam measured from broadside is approximated by Eq. (76), which

for clarity, is given again as
' = sin 1(x /A, + o\ /d) (78)
n o' g o i

where d is the perturbation spacing between the centers of two adjacent

:? strips, AO is the free-space wavelength, and n is the index cof the
| space harmonic (0,%1,*2,...). For the antenna applications, the structure's
;; parameters are usually designed so that only the n = -1 space harmonic
. will radiate, and all the energy will be radiarted through this harmonic.
= The antenra is frequency scannable if f&o/xg + ni /di<l. For a broadside

-

array, d should be made equal to the guided wavelength 15. Figure hH2
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Computed and measured main beam directicns.
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. shows the measured and computed main beam directions as a function of

" the frequency. The entire angular scanning range can be shifted more

G

LA 4

positively or negatively by changing the perturbation spacing between

*

the adjacent strips.

In the transverse (or H-) plane, the metal flares are attached

,
PR NSRS VIRNORE W SOy PRI

to both sides of the trough to improve the radiation characteristics

in this plane. With Hx as the major magnetic field component in the

N dielectric guide, the current element on each metal strip is z-oriented, ’ -
v -
I) . . - . -
s and the principal aperture field of the metal flares is E,. Assuming R

( : R

the structure is infinitely long in the z-diraction allows the metal

flares to be modeled as an H-plane sectoral horn [571,[58]. o :

L N o o NN 4 &
CACAERE AT

-
(b

The dielectric guilde was designed to fit snugly against the side ;

walls of the metal trough thus eliminating the need for adhesive

Ld
s

v materials wnich were used to bond the dielectric guide to the ground .
L -
= plane. The depth of the trough is such that the propagation constant S
W
of the structure can be determined using the dialectric-loaded trough i
I".‘ :
:a‘ guide model. The height of the dielectric guide is then chosen to .
L -
':-‘ - ..
o provide single-mode operation. Under these guidelines and constraiats, e
Sy
F! a dielectric waveguide of dimensions 3.4 x 1.4 mm was constructad. _
- '
N The trough depth was arbitrarily chosen to be 3.4 mm to simplify :the
Ry
-, construction, Iz was observed that as long as the trough was not N
- )

too shallow, the radiation patterns of the structure were almost in-

‘AR
o

dependent of the trough depth. The length of the flare horn was -

“e

XN

z

chosen to be 4 cn. Trigure 63 shows the ccmparison between the measured

Y

relative gain of the construcrted antenna as 2 Iunction of the Ilarz =nzle -

q
Fo
;‘:




Nd Sl O TSN AR A R e, Ar A Al MR _'T.V":,.'v' —T T T,

T { i { { | -
.- ra 4

—
Theory -
o Experiment _

Relative Directive Gain (dB)

o ~N 600 ph NN - O

| | L 1 | '
0 10 20 30 40

" a (degrees)

n
O
(0}}
O
~
O

Figure 63. Relative gains of the comstructed anteana
and an H-plane sectoral horn versus flare
- angle.
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and that of an H-plane sectoral horn. The results of this figure have
confirmed the assumption that the H-plane sectoral horn is & reason-~
able model to predict the flare angle for maximum gain in che H-plane.
For the strip width distribution chosen according to (77) and the flare
angle selected from Figure 63 for wmaximum gain, the radiaticn patterns
in both the E- and H-planes of the horn dielectric-filled trough leaky-
wave antenna were measured and plotted in Figure 64, The number of

the silver strips cn top of the dielectric guide was 32. The half-

power beamwidths (HPBW) in the E- and H-planes are 4°, 13°, respectively.

The antenna was designed for broadside radiation. The conseguent

experimental beam angle deviated slightly from the ncrmal directicn.

This is interesting since the strip width determines the rate of energy

radiated off the guide but does not change the angle of radiation
significantly. The overall gain of the antenna is the product cf the
gains in the E- and d-planes and was measured to be 26 dB. The side-
lobe levels were at least 25 dB below the main lobe. Since there is
no endfire radiation detected, it is assumed that most of the radiated
energy is producad by the strip elements.

The main beam level of the antenna is relatively stable throuzn-

out the cperating Irequency range except at around 84 GHz whera It

falls abcut 2 d3 bvelow the reference level (see Figure 63).
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6. CONCLUSILONS

In this thesis, the field and propagation characteristics of
many dielectric waveguide structures have been analvzed. 3Both the
mode matching and the effective parameter techniques described in this
thesis are veryv general and can be applied directlv to many planar
dielectric waveguide structures of rectangular cross secticn., The
theoretical and experirental results agree well throughout. A new
dielectric waveguide confizuration~-the suspended H-waveguide--hzs
been introduced along with a detailed less analysis. The overall low-
loss figure and a superior structural layout of this waveguide promise

ider applications in the millimeter-wave integrated circuits. Some
essential integrable compoments, such as dielectric resonators and
leaky~wave antennas, have been studied. A theoretical formulaticn of

Y

the eigenvalue equation based on the spectral domain approach for

determining the propagatico constant of a periodic slot waveguide

-:u 3 array has also been presentead.
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APPENDIX A

3 MATCHING OF TANGENTIAL FIELD COMPONENTS AT » = +h

Eight equations resulting from matching the tangential field com-
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The upper line in the brackets indicates the pec wall at x = -a
while the lower line applies for a pmc wall. The Qéii(x) and o(l)(<),

i = 2,4,5, are the x-variation components of the Hertzian potentials
- in respective regions (see Egs. (3), (4), and (3)). €50 i=2,4,5,

is the relacive dielectric constant.
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APPENDIX B

at;
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COUPLING INTEGRAL TERMS
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Q LSE modes
A = x s Lo (1), p
N Il(u),...,Is(u) are obtained by replacing &xn in Il\v),...,ls(u)
I} ,
with E(l); w(l)(x) bv w(i)(x), e.2.,
o Xm v ‘ K
. . 3
- sin[k(l)(x+a))‘
- SN IO VR I B J
PR I,(y) = sinlk (x-b) | dx
3 8y T U Ty )
2o [coslkw (x+a) |
N { Xu J
-\!‘ :"

In these equations, the upper line in { } applies to pec wall (odd

‘iﬁﬁﬁ
‘{'...

- ‘l “a

L
N
‘.

) mode) at x = -a, and the lower line to pmc wall (even mode) at x = -a.

P
3

i ~ (1 . , - . .
k( ) and ki;) are the solutions of the eigenvalue equations (8) and (9).

e _ <

) '.:.’ : . - Fe

:::: ;i kii)'and kii) are given in (7). Kic I),...,K; 9 are the coupling
o

0 terms described in Egs. (14) and (16).
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