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Abstract

This report summarizes research activities at the Microwave Laboratory,
University of Texas on various structures for millimeter-wave and submillimeter-
wave circuits under sponsorship of US Army Research Office Grant DAAG29-78-G-0145.
The topics of investigation include distributed feedback oscillators, distributed
gain mechanisms, trapped image guides and leaky wave antennas, monolithic

detectors, excitation of dielectric waveguides, printed lines and printed

radiating structures. A list of publications is included.
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1. Introduction

In the past several years, a considerable attention has been paid on
the millimeter-wave devices, components and systems. It is preferable to use
integrated circuit approaches for a number of reasons. The integrated circuit
approaches may be classified into two broad categories. One of them is based
on the printed transmission lines and another on dielectric waveguides. The
former is an extension of the microwave integrated circuits. As the frequency
of operation is increased, the structures based on this approach become
smaller and sﬁaller and the loss associated with metal conductors will increase.
The cost of fabrication of these structures will increase sharply with the
frequency. Presently, many impressive results have been obtained for the
frequency range up to 300 GHz especially in the area of low noise mixers.

On the other hand, the dielectric waveguide techniques are millimeter-
wave replica of optical iantegrated circuits. Components made by this technique
can be much larger than the printed line counterparts. Since this technique
is based on optical principle, the performances of the structures are more
effective as the frequency of operation is increased. The single most important
problem in this technique is the radiation loss which arises at any discontinuties
and bends. This problem is especially taxing when an active device is being
implemented. Because most active devices are made for waveguide or printed line
and are usually small as compared to the wavelength, an abrupt junction is
created in the dielectric waveguide. Another important problem is the inter-
facing of dielectric waveguides with printed lines. Needs for such interfacing
occur when RF and IF frequencv sipgnals are to be handled and when a bias line

is to be implemented for a solid state device.

t




In this report, we describe several topics, studied under the sponsorship
of the Grant DAAG29-78~CG-0145, which address themselves to better utilization
of millimcter-wave spectrum by providing inalysis and desipn of existing as

well as new structures.

2. Dielectric Waveguide Structures

In this chapter, we describe several innovative structures which provide
alternatives to existing millimetcer-wave components. The basis of these structures
is an analysis of the dielectric waveguide structure. We will summarize here this»
analysis to lay the foundation for discussion of dielectric waveguide components.

’

Since the details of the analysis are given in literature, only the key step
is presented here. Fig. 1 is the cross section of a trapped image guide. (The
detail of this waveguide will be given later in this chapter.) When o=, we
recover a conventional image guide. Tt is known that o and i modes can pro-
pagate in this structure. For the former thé principal electric field is in the
y direction. We will apply the method of effective dielectric constant for the
image guide (c»).

The complete field components in this wavepuide may be derived from two

field components:

9
1 N >
Eo= (H T (N
y 1 X
_ 2 _QE h \
iy = (87 = e (2)

where &y is the relative dielectric constant in each constituent region in

- s . e h

Fiy. 1, 11 is the propagation constant and ¢ and ¢ are two scalar potentials.
. Y . . h

For E° mode, where Ey and “x are predominant, we neglect Hv by letting ¢ =0.

Next, we ohtain the effective dielectric constant (EDC) of regions 1 and 2.
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Figure 1. Cross section of a trapped imape puide
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Inthis project, we used an inverted strip dielectric (IS) waveguide2 rather
than an image guide. This is because the former permits non-destructive

measurement. The cross section of the IS guide is shown in Fig. 4. We

create a notch-type grating in the dielectric strip (El). Then, we place a

slab material to be measured with unknown ¢, on top of € to form a guiding

2
layer. This method yielded reasonably arcurate answers with a relatively

simple setup and an efficient numerical inversion algorithm.6 The details

are given in Appendix 2.

2.3 Resonant frequencies of a dielectric rectangular cavity

The resonant frequency of a dielectric cavity made of a truncated rectangu-
lar dielectric waveguide has been analyzed by employing the open circuit
(magnetic wall) boundary conditions at the end surfaces. In this project, we
obtained improved data on the resonant frequency by imposing a more realistic
impedance boundary condition. In addition, we obtained the field variation
along the axial direction of the cavity. The results are believed uselul for

11 . L 7
millimeter-wave integrated circuit design.

2.4 Trapped image guide

In this project, a new dielectric waveguide has been developed in which
the radiation loss at bends is much smaller than in the conventional image
guides.3 The cross section of the new waveguide is shown in Fig. 1. The
structure consists of a dielectric rod placed in a metal trough.

In integrated circuit applications, the image guide must be bent in the
transverse direction so as to accomplish designated functions. The image guide
has an inherent radiation loss at bends as the electromagnetic energy escapes
from the guide as a propagating wave in the sideward direction. In the trapped

image guide, such a leakage is mostly reflected back to the dielectric portion

a : it -.—..—.—..M
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Figure 4. Cross section of an inverted strip dielectric waveguide
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by the metal walls if their height h in Fig. 1 is reasonably large. As lonp
as the waveguide is operated in the siogle mode rewions, the reflected enerpy
couples to the guide once again.

We first analyzed the propagation characteristics of the trapped image
guide by employing the effective dielectric constant method described earlier.
Next, the theoretical results have been compared with the experimental data in
the Ka band region. It was found that the guide may be designed in such a way
that the propagation characteristics are essentially identical to those of the
image guide over most of the single mode region. However, the measurement of
the radiation loss at a 90° bend indicated reduction of more than 8 dB from
that in an image guide setup.

A leaky-wave antenna was also created by using the trapped image guide.
The grating was created with narrow metal strips placed on the top surface of

the dielectric rod. The main beam direction is given by

B8
- -1 [(n
BM = sin <k) (6)
where
2nn
Bn =3+ ry (7)

is the propagation constant of the n-th space harmonic. Usually, n is taken

to be -1. Since the main beam direction is a function of frequency, the antenna
is frequency-scannable. In this project, we obtained the scan of the beam from
-55° to -10° by changing the frequency from about 30 GHz to 40 GHz. The details

are given in Appendix 3.

2.5 Directive planar excitation of image guide
Usually, the image guide and other dielectric waveguides are excited by a
tapered section inserted into a waveguide horn designed for the least amount of

insertion loss and reflection. 1If, however, solid state devices are incorporated
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in or near the dielectric waveguide, the entire structure is more correctly
termed as an integrated circuit. In this project, we investigated a novel
structure of exciting an image guide from a planar printed network in which
solid state devices may be installed. The structure consists of a Yagi-Uda
slot array created in the ground plane of the image guide. 1In this way, only
one slot needs to be excited and the remaining parasitic slots provide direc-
tivity for the surface wave launched in the image guide. The length of the
driving slot can be obtained by viewing it as a short-circuited slot line and
computing its dispersion characteristics.8 Design of slot spacing requires the

knowledge of the guide wavelength Mg of the image guide. This is obtained by

the use of the effective dielectric constant method. The optimum spacing was '4
experimentally found to be ig/4.

Experimental investigations revealed that the front-to-back ratios of
transmitted power into the image guide are as high as 10 dB, and that the ratio
and bandwidth tend to increase by introducing a larger number of director slots.
Appendix 4 describes some of the data on this project. Since this work is not

completed, it will be carried over to a new contract period.

2.6 Gain enhancement of monolithic millimeter-wave antenna-detector

In this project, a surface wave antenna made of a tapered dielectric rod

is attached in front of a balf-wave dipole slot. A beam lead detector diode is
incorporated in a planar printed line which feeds the slot at its center. Several
different Jdielectric materials have been used for the substrate of the planar
circuit and the rod antenna. The experiments have been conducted at 60 GHz. The
planar circuit was developed by the standard photo~ctching process. Design of

the dielectric rods was based on single mode propagation of the dielectric wave-

guide. The overall length of the rod was typically 3 to 5 free space wavelengths

e —————
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with a tapered section about half the overall length. The rod was attached
to the slot by means of a low loss adhesive.

The radiation patterns of the structure were measured both with or
without the dielectric rod. 1t was found that use of rod increases the
directivity up to 10 dB. In addition, the direction of the main beam can be
controlled into either the metal side or the substrate side by attaching the
rod to the desired side of the planar structure. More details of the structure

and the experimental resul.ts10 are found in Appendix 5.

3. Printed Structures

Printed transmission lines are still widely used for millimeter-wave
integrated circuits. They are especially well suited for implementing solid-
state devices. In addition, these lines can coexist with dielectric waveguide.
It is therefore important to know characteristics of these printed structures
accurately. During this grant period we developed a simple but accurate method
(spectral domain immittance approach) for analyzing these structures11 and
applied it for transmission lines like microstrip lines, suspended lines, fin-
lines and ntherslz—15 as well as for printed antennas.

To illustrate the method, we use Fig. 5 which shows the cross section of
the suspended microstrip line with tunable septums. (The quasi-static case
for this structure was reported in Reference 12.) The first step is to
identify that from

Ey(x.y)e'j“":! { %y(a,y)e'-“’“‘”“)dq (8)

2n

all the field components are superpositions of inhomogeneous (in y) plane waves
propagating in the direction of 0 from the z axis where ¢ = cos-l(B/ a? + p2 ),

For each ', waves may be decomposed into TM-to-y and TE-to-y fields, and the

L X
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Figure 5. Cross section of a microstrip line with tuning septums
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transverse equivalent networks can be shown as in Fig. 6 for both TM and TE
components. Relations of the "voltage' and "current'" at y=d+t and y=d can be
readily obtained by a standard transmission line analysis. Combining these
quantitites, we can get the relations between x and z components of current

and field at y=d+t and y=d. These relations are nothing out Fourler transforms
of tensor Green's functions. We can then apply the Galerkin's method for
numerically solving the eigenvalue equation for the structure. The details

are piven in Appendix 6.

Using this method, we analyzed several printed transmission line structures.
For these structures, both the propagation constants and the characteristic
impedances have been computed.

Microstrip and coplanar transmission lines made on a (GaAs substrate which
exhibits negative conductance have been analyzed and compared as to their gain
factors, sensitivity, ete. For this study, the quasi-static approximation has
been used so that the computation is simple and yet a qualitative information
is preservcd.l6

Printed circuit antennas have been of interest for some time. We recognize
that, as the operating frequency pets higher, the radiating characteristics
become more complicated because of the existence of the surface wave type fields.
We adopted the spectral domain immittance approach to printed patch structures,
Development of the Green's functions is formally identical to the one discussed
earlier. The eigenvalue problem is solved for the complex resonant frequency,
the imaginary part of which yives the radiation Q. The tar tiecld pattern can be
readily obtained from the Fourier transform ot the aperture fie¢ld which in turn
can be derived once the eigenvalue equation is solved.l7

lhe method was moditied to analyze a circular patceh radfating structure.

Fhe procedure is essentially identical although the Hankel transforms need to




Figure 6.

<=

T la, d+t)

3—\, (a,d)

>1'ZTE1

7/Z’ZTEZ

Y3 L1e3

Transverse equivalent networks tfor 1M and TE fields




be used in place of the Fourier transform and some mathematical manipulations
are different. Once again, the resonant frequency, radiation  and far ficld
patterns have been numerically obtained.18 The results agreed well with
published data. Note that the results reported in References 17 and 18 are for
relatively thin structures in order to compare the present results with thouse
available in literature. However, as the operating frequency gets higher and
the substrate becomes electrically thick, the present method is quite useful
since all the field phenomena are included in the solution process unlike many

other methods.

4. Review of Dielectric Waveguide Techniques

One book chapter on Dielectric Waveguide Type Millimeter Wave Integrated
Circuits has been written under the support of the present grant and is being
printed at this time.19 An invited paper on dielectric waveguide techniques
will be presented at 1981 IEEE MTT International Microwave Symposium in

Los Ange]es.20

S. Conclusions
In this report, we summarized the projects carried out under sponsorship

of DAAG29-78-G-0145. Some problems included in this report will be investigated

more deeply during the next contract period.
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Distributed Bragg Retlection Dielectric

Waveguide

BANG-SUP SONG, S1UDENT MEMBER, IFFE,

Abstract—Dielectric waveguide Gunn oscillutors are presented in which
the cavity consists of grauting structures exhibiting either the surfuce-wave
stopband or the leaky-wave stopband. Oscillation conditions and design
criteria of the grating structures are studied. When a grating exhibiting the
leaky-wave stopband is used in the oscillator. the extractioa of the output
power In the direction perpendicular to the dielectric waveguide axis is
possible. This is because such a grating becomes 2 broadside-firing leaky-
wave antenns with high input YSWR.

l.  INTRODUCHON

N THIS PAPER. we present first a more detailed
study of a distributed Bragg reflection (DBR) Gunn
oscillator developed earlier [1]. Then we introduce 4 new
DBR oscillator in which a leaky-wave antenna s in-
tegrated. These oscillators are made of dielectric wave-
guides and are tcheved useful for milimeter and
microwave iniegrated circuits. The leaky-wave antenna
integrated in the new structure is broadside firing. In
conventional antenna applications, such a broadside con-
dition 1s avoided due to its mgh VSWR charactenstues. In
the present work, however, this high YSWR s intention-
ally made use of for providing a frequency dependent
posttive feedback to the gain device in the oscillator.

In most diclectric waveguide millimeter-wave inteprated
arcuits, a solid-state osallator s made of 4 Gunn or
IMPATT diode implanted in a rectangular dielectric
wavegwmide cavity [2]. In such a structure. the bresnel
reflection from the end surfaces of the resonator provides
feedback to the active device and leads to osallaton. In
the recently developed oniginal version of the DBR Gunn
oscullators [1]. however, the feedback s provided by the
so-called surface-wave stopband phenomenon of the grat-
ing structures created in the dielectric waveguide {3]. As s
also demonstrated in the band-reject filter (4], the surface
wave is strongly reflected back from the gratng structure
in a narrow frequency region. Such a frequency sensitive
reflection as useful for reahzing a high-Q cavity for the
oscillator made of a dielectric wavegumde. In prac-
tice. the DBR osaillator resembles the DBR GaAs lasers
developed 1n optics [5). [6].

It 1« well known that the stopband phenomenon ap-
pears not only in the suriace wave. but also in the leaky-
wave regions {7}. In the structures described 1n this paper.
the leaky-wave stopband as well as the surface-wave

Manuscnipt received May S, 1979 revised September 11 1979 Thes
work was supported 1n part by a US Army Research under Cirant
DAAG29-78-G-0145

The authors are with the Department of Flectncal tagineering, the
University of Texas, Ausun, TX 78712
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AND TATSUO TTOH . SENIOR MIMBER, (HF

stopband 18 used for providing positive feedback leading
to oscillation. We will in which the
grating on one side of the gain device provides a surface-
wave stopband and the one on the other side gives i
leaky-wave stopband. This leaky-wave structure also gives
rise to the broadside radiation which facilitates casy out-
put power extraction.

test an oscillator

I Oscirator DysiaN

ftis known that Gunn devices exhibit negative differen-
tial conductance when the operaung frequency s an in-
tegral muluple of transit frequency [8] [9). Thercfore, the
negative conductance and the posihve susceptance of the
Gunn device peak around the transit frequenes =0 1
where © 18 the average electron dnft veloaty and 7 s the
diode length. Since the clectron dnft veloaty depends on
the applied field [10], however, it as possible to shift the
peak of the negative conductance and the positive suseep-
tance. as well as ther ;fnnplnudcx by varying the b
voltage untl the oscdlation condittions in ¢la) and (1b) are
satisfied. These oscillattion conditions are

(ha)
(1h)

G,rGo=0
B,+ B =0

where G, and #, are the conductance and the susceptanee
of the diode, and G, and B, are the conductance and the
susceptance external to the diode. Around the tanwn
frequency. the Gunn device can be represented by an
equivalent crrcurt consisting of o negative conduclange
(G, <0y 10 shunt with & positive susceptance (5, ) {l1]
Therefore. we have to supphy the diode externaily with o
negative susceptance which s inductive to sausfy the
oscitlation conditon (1b).

Although vanous tvpes ot
mechanmcally created notch type periodic grooves i the
dielectne waveguide have been used in the osailiators B
the surface-wave stopband. the penod of graung o s
chosen such that

gratings can  he ased.

Re( ftd) == N

where f3 18 the phase constant of the diclectnie wavepmde
with gratings. /8 can be approumated by the following
dispersion relation {12}

confBd = cont i alon iy (d )]

VCBve B B BoosinCBoasing g (doa) (2

0018-9480 /79 1200- 1019300 7S < {979 1L }
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Fig. 1. kd-Bd diagram of the grating structure; ¢, = 10, » =56 mm.
dell.0mm, a=5Smm A=30mm, (=09 mm

where f3; and 8, are the phase constants in the grooved
and nongrooved sections of the waveguide, respectively.
In the stopband. f 15 complex due to mode couphng
between the forward and buackward waves. When we
neglect this mode couphing. the dispersion curve (Ad fid
dragram) will look like the one shown min Fig. 1. Point
A fid=7) corresponds to the surface-wave stopband
where strong mode oupling occurs between the two space
harmonics B, and S | (negauve S means travehng
backward). All of these space harmonics are interrelated
via
N
Bu= Bo* =5
[¢
where B, is the phase constant of the dominant (m=0)
space harmonic.

The leaky-wave stopband 1s created at fid=2= (Point B
in Fig. 1) by the interaction between the space harmonics
By and — B , which are no longer surface waves, and the
radiation peak 1s 1n the broadside direction normal to the
waveguide surface. This leaky-wave stopband gives strong
reflechon due to the backward space harmonic 8,
being coupled to f3,. which resuits in high VSWR.

The onginal version of the DBR osallator employing a
surface-wave stopband can be implemented as in big. 2
by placing a Gunn device in a small vertical hole dnilled
in a dielectric image guide [1]. The ground plane 1s used as
a heat sink as well as a de¢ has return for the device. The
bias 15 supplied through a thin wire connected to the
positive terminal of the diode. The equivalent circuit of
the DBR Gunn osaillator in Fig. 2 can be drawn as in Fig.
3¢a) (1]. {2). where Y, s the equivalent admittance of the
diode, and /. ¥, are the input admittances looking inte
the two grating reflectors on both sides. These grating
reflectors are capacitive in the stopband Thus a quarter-
wave transformer is introduced between the diode and the
reflector to provide an inductive load to the device. The
resulting simphfied equivalent circurt s shown in big. 3(b)
and Fig 3¢) when we have made use of the following
relaticns

m=0.1.2.-- (4)

o 1
L= N + - =(, +
Y, =13, v, ),) . tih,
Yy=G, 48, (5

where ¥, is the total equivalent admittance of the externel

' .
w oo ! ! Jei

i
1 G U UG

Fig. 2 An onginal version of the DBR osaillator structure, o = 1),
he30mm, /=i65Smm d=110mm a=SSmm weS6mm =09
mm, ;=160 mm, /,=11 5 mm

Fig 3 Egquivalent circunt of the DBR oscillator

N

Fig 4 Adnuttance external to the diode in the Fig 2 structuie

reflectors The vanation of ¥, with frequency 1s shown i
Fig. 4 for the DBR osallator in g, 2 The condudctance
and the susceptance peak at the lower edge of the de
signed stopband. Fven though we cannot determime ey
actly the values of G, and B, of the Gunn device, G, and
8, can be controlled up to a few mitlimhos by the externel
hias voltage s mentioned carher ain this secton Another
important factor which cannot be neglected s the shunig
capacitance and the senies inductance of the commerncal
dinde packaging which are approximately in the range of
a few tenths of a picofarad vr nanohenry, respectively At
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Fig. 5. Structure of a new DBR oscillator with a buiit-in leaky-wave
antenna; N=10, ¢, =10, /=220 mm, d=110 mm. ¢=40 mm, w=
60 mm. r~09 mm, h=30 mm, 1, =120 mm, 1,40 mm. 1,=190
mm.

10 GHz, these correspond to 10~40 mho. Therefore,
when we consider this effect, oscillations are lLikely to
occur 1n the lower half of the stopband where the admit-
tance peak 1s located. So it 1s better to design the center
frequency of the stopband a httle higher than the desired
operating frequency.

The new DBR oscillator using the high VSWR leaky-
wave stopband 1s shown in Fig. S. In this structure, the
left-hand side of the Gunn diode provides a dual function.
It provides the reflection for oscillation as well as the
broadside radiation for the antenna. The penod of graung
on the left 1s about two times that of the surface-wave
structure on the right, viz., Re( fid)= 2= on the left-hand
side and Re(fd)=a on the nght. The radiation angle
from the leaky-wave structure can be determined by (4]
(13)

(6)

where 8 15 the angle measured from the direction normal
to the surface and A 1s the free-space wavenumber. At the
leaky-wave stopband (Point B). Re(fid)= 2= which
means a radiation angle of #x0 (broadside). This angle
varies shghtly depending on the oscillation frequency.

The reflection phenomenon due to the stopband s
frequency sensitive, and the bandwidth and reflecuon
depend on the grating profile, the length of the gratng
region, etc. In this work, bandwidth has been made wide
(1 GHz) so that the oscillation can be eastly attained.

HI Restvrs ann Disct sstoss

Although we can provide the destign at much higher
millimeter-wave frequencies, we have selected X band for
design and demonstration. This 1s due to better avalabil-
ity of measurement equipment and greater ciase of expert-
mental procedures  After the feasihibity of our new
concepts 1 demonstrated. we can go to higher frequenaes
in the future.

The dielectric wavegmides are made of a synthetic di
electric material, Custom HiK (¢, = 10)  The number of
graung elements can be determined by the required mag
mitude of the feedbach We can dalculate the amount of
feedback from (1. and the imaginary part of /1 plotted in
Fig. 6 explains the feedback mechamism i the stophand
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Fig. 7. Reftecuon coefficient of S- and 2-element gratings 1n dielectne
wavegwide 1n Fig 2

131, [S]. {6]- Frig. 7 shows the surface-wave reflection coef-
ficients of a §- and 2-element notch-type gratung on the
dielectnic waveguides. Groove depth and grating period
are adjusted so as to give a 10-GHz center frequency and
a 1-GHz bandwidth. The reflection coefficient at 10 GHz
is found to be 0.95 n the S-clement grating, but in the
2-element grating, the reflection coefficient at 10 GHe
reduces to 0.63. The latter may be useful for the output
port of the onginal DBR oscillator shown in Fig. 2 1n
which the far end of cach grating s tapered to avad
unwanted end reflection. Even though we design the
stopband which spans from 9.5 to 10.5 GHz. osallation
frequencies will be lower than the 10-GHz center
frequency as mentioned i Section 1. Osallaton
frequencies and power output were observed by varying
the bias voltage of the Gunn device in the DBR osaillator
shown in Figs 2 and S The results are plotted in Figs. 8
and 9 Osallation frequencies measured were predomi-
nantly in the lower half of the stopband (9.5~ 10.0 GHz)
The power was measured by recerving the radiation from
ane end of the resonator

In the new DBR osallator with a bullt-in leaky-wave
antenna. with bras voltage of 7 V, the resonant frequency
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ftas conpectured that the sphit of the mamn lobe s caused
by several factors. One s the poor spectral punty which i
not an inherent phenomenon of this type of osaillator but

; : 18 rather due to our intentional broad-band design of the

! ‘ cavity. Another s the strong mode coupling between the
: ' : forward and backward space harmonics in the leaky wave
P . | . region which have different radiation angles

IV Concrtsions

We have presented studies of DBR Gunn osaitlators

. L ‘ with surface-wave and leaky-wave stopbands and some
results for these osallator structures. The structure s
e N : Lo beheved to give versauhity 1 designing milimeter-wave

integrated aircuits. Further works need to be carned out
to obtain spectral purity and better frequency control
especially for the structures with an integrated leaky-wave
antenna. It s possible to design grating structures with a
much narrower bandwidth for more stable osailfation In
designing the osaillator. 1t 1s advisable o place the operat-
ing frequency in the lower half of the stopband. 1t s also
required to nsert quarter-wave transformer between the
device and the graung reflector. Mechamcal perturbation
may be incorporated for adjusting the device impedance
for possible tuning of frequency and/or power

. e v v

Fig. 8. Measured osaillation characterisucs of the oscillator in Fig. 2
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Application ot Inverted Strip Dielectric
Waveguides for Measurement of the
Dielectric Constant of Low-Loss Materials
at Millimeter-Wave Frequencies

TATSUO TTOH. SENIOR MEMBER, tEEE, AND FWLU-JITH HSU . MiEMBER, IEEF

Abstract— An entirely new method for measuring dielectric properties
of slab-type materialy is developed by using a novel dielectric waveguide
structure originally designed for millimeter-wasve integrated circuits. The
method entails the measurement of the stopband of the grating structure
created in the dielectric waveguide. Several examples of measurement
results are reported.

I INIRODUC HON

LTH increasing use of dielectrie resonators [1], Ji-

clectne wavepudes [2)0 and prnted transnussion
hines at higher frequencies. simple methods for accurately
oredicting the properties of dielectnie materials become
very important. here are currently o number of methods
avadable for measunng diclectnie properties of material
media at and muilhmeter-wave frequencies
One typical method s the use of wavegumdes or waveguide
cavities, which are either partiaily or completely filled
with dielectric maternals to be measured |3 Cavities made

MICTOW v

of striphines or mictostrp hines have also been used |4 15]
In free-space envitonment. scatternig o electiomagnetic
encergy from a dielectric sphere can be used tor evaluating
the diclectnie property of the sphere o).

I'he paper proposes g novel approach to medasurement
of dielectric constants of Jow-loss shab matertals at micro-
warve and millimeter-wave frequencies The method makes
use of stophand phenomena observed 1 periodic strue-
tures created in ananserted stnp dielectnie (I8) wavepude
developed recently [7] The pninaipie of the measurement
process will be explaned in the following paper

I PrRINCIPEE OF MEASURIMEN

The cross section of the IS wavepuide s shown o B,
Y
that portion of the puding laver immediately above the

The major portion of the wave energy poopuagates in

Manuscnpt received December 260 1978 revised June 4. 1979 Ty
work was supported 10 part by a U8 Army Research Grant DAAGLY.
TR(:014%  The major portion of this paper was presented at the
Furopean Microwave Conference Pans, Prance in Seprember 1978
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diclectnic stp {20 When penodie grooves are created
the strp s shoewnoan e by the propagation Character
st of the IS wavegude s peniodhically modubated and
prating stiucture s reated  Dependimy on the cledineal
length of the prating peried o0 the structure works eithe
as a leaky -wave antenna o a band-reect Biler |7}

Although the antenna scheme may be used it s not o
pracucal as the filier structure as the field measurement s
required. Henceo we will use the fidter methed i this
paper The frequency response of the hilter o Tunction o
all the dimensions of the IS wavepwde, the grating perniod
profile of the grating, and the dielectire constants ol the
matenals involved Henceo off one measures the trequency
response of the hilter. the dicloctne constant of ane of the
matenals may be deternuned provided all other paranme
ters are hnown

If we use a bandstop filter scheme. s posable 1o hind
out the dielectiie constant of one of the materids i the
wavegwide by simply ineasuring the frequency related 1o
the stopband. such as the center frequenay. the lowe
band edge. or the upper band edge

In the proposed measdrement setup. we ase L shab
material with unkhnown diclectne constant as the pudimye
the IS wavesmde  The penodig

laver of prooves e

IRERBI NN
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Fig 2 Typical sweep tesponse from the grating structure 20 mV . div,
124 I8GHy

created as shown o P Dan the dielectnie striip which has
a known dielectric constant. When we excite this structure
with a sweep source o strong reflection s observed at the
stopband. provided the frequency range of the sweeper
covers the stopband. A typical response from an IS wasve-
gude with peniodic grooves i its deelectrie stnp s shown
m g, 2

Let us now discuss the algonthm o obtam the dielectnic
constant from the measured data. Firstoaf we assume that
the diclectric con ant e, of the guding laver s known, the
center frequency 1 of the stopband i given by

= Fth hogon diache) n

where Apowoand e are the tuckness, widthe and dielectnie
constant of the diclectric strip. A2 s the thickness of the
purdimg laver. and o s the gratine period Ao, ¢ and b
are the length and the depth of the grooves. Foandicates
that £ s a tunction of all the parameters in the parenthe-
ses. Noclosed forne of £s avafable, However, values of
toare wiven numerncaliv s explivned i the Appendix

Our problem at hand s o solve (1) for e, that s, to
ubtain

o F N b adoalblr ) (2)

Since there s no closed form expression for (1 ats inver-
ston (21 does not have an anabvncal form etther However,
we may use aither o praphical method or a computer-opti-
mization techmgue (o accomphsh the soluton for ¢, In
the graphical method. g number of curves for 1 versus ¢,
dre generated numenically from (1) tor o number of strue-
tural parameters. txamples of curves are presentedan bag
¥ Once these cunves are avatlable 1t s possible to obtam
o, eraphicathy from the measured value of 1 for a corre-
sponding set of structural parameters For structures not
provided with curves some interpolation procedures may
be tised

Computer-optimization techmgues, though more time
consumime. genetaiiy ;‘h-\l\k‘ more avcurate answers than
the praphical method In such oo method. o subroutine to
pedform numencal solunons of 11 s used sepeatedly for
Aan assumed value of o annl the computed value of f
hecomes virtually adenticad o the measured £ This atera-
ton scheme s Carreed cat e sastemane manner and the
final assumed vadue ot o v considered s that of the

unknown nuatenal

e
£

cr

azte ¢ Tc
-

Ce
-

Re g’ ve
-

& Y9 e
troquancy {GHZ)

fFag 3 Calcutated results tor stopband frequency £ versus ebatine
diclectric constang, A, s the thickness of the dieledine cab £ e
penod of the grating, A, =6 35 mm w =16 mm. =1 5% mm £- o

mm. ¢, =21 (Teflon)

(LAY hy= 0 3% mm d=10mm
(B A, =3 017%mm J=10mm.
()Y Ay = 1SS mm = 10 mm,
(2A) =03 mm d=625 mm.
Q2BY Ay =31 mm d=62% .
(200 ho=1587mm J=625mm

HI Miastrevi Ny PROCIDURES

Fhe IS wavepurde with grating sections can be assem
bled from a large ground plane, a rectangular dicicctin
stiip (¢)) with penodie prooves. and a slab matenal o be
measured which s used as the piding Eiver 10w hetprul
in practice if the peried of grooves s determined m such
way that the stopband appears 1 the frequenay vanee
where the field v well puided i the 1S wavegwde with the
gutding laver made of 4 commomdy used matenal such as
fused quarty. Fach component s securely posiioned by
mechanical pressure between the guding Liver and ihe
pround plane by means of clamps Tocated away from the
waveguidimg porhon. Since any it pap between diclectin
materials themselves and the ground plane may he o
potential source of crror n the fimal resulis, stooth o
clectne surfaces and relativels strong mechamoat pressine
are essential In order to exate the IS waveguide assembiy
efficientdy and 1o resobve the stopband dearly g poad
transitton from the conventional rectanyulas metal wave
gwide 1o the assembly s important We have accom
plished this requirement by the use of o tapered tectanra
lar dielectnne wavepude. The pomted end of the tapered
structure i oanserted mto the rectangular metal woonvepande
which 1y conrected to a micromave sweep source by wany
of 4 reflectometer setup The other end of the tapered
section s flat and butt joimted to the end surtace of th
slab natenial mpmediatedy above the dielectng stop e

The measutement procedure v as tollows 1y Vs
obtam a sweep response which s the ratio of the npuat
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power to and the reflected power from the 1S waveguide
assembly. The range of sweep 1s adjusted unul the stop-
band appears. Read the center frequency f of the stop-
band. Measure all the pertinent physical dimensions 1n-
volved. 2) By using either a graphical method or a com-
puter-optiruzation algorithm explained earlier, obtain the
dielectnie constant ¢, of the unknown slab matenal.

IV, RESUTTS AND DHSCUSSIONS

To demonstrate the vahdiny of the method, several
measurements have been performed in the frequency
range up 1o 18 GHzo Although there 1s nonherent limit in
frequency. we could not use any migher frequency due to
unavatlabihity of sweeper sources higher than 18 GlHy
Examples of meusured results are bisted in Table T s
seen that the results obtained in the present method are
quite accurate. Note that for these examples we used a
compulter-optimization algonithm for inversion of (1)

We will now summanze some of the features of the
present method.

1) Since the quantity to be measured 18 the frequency,
the error mvolved in the measurement process atself s
smuil

2) The method s simple (o use and the matenal to be
measured can be casily replaced in the setup since the IS
waveguide assembly, including the gratung secuon. 18 held
i posttion by applyving the mechamical pressure between
the gurding laver (unknown matenal) and the ground
plane by means of clamps at the focaton away from the
waseguding portion.

1) The dissipation factor cannot be measured in the
present setup. H the attenuation due o the matenal loss
can be nolated. such a factor could be measured. How-
ever. o omaost apen structares, itas extremely difficult o
separate the radiation foss and matenal loss

4y The accuracy of the methods depends on the inver
sion scheme of the measured data. For instance, both. the
method ta obtan /4, and S, and the one for by uung
(A1) are approximate. although thev are usually quite
accurate for the tvpes of structures used here Another
problem s the convergence of the optimization routine
Sometimes. the convergence could be slow and one may
be advised that the use of graphical method to obtain
mtial value in the optimization routine could be helpful

The method proposed here does not replace other exist-
g methods, in many of which both real and imaginary
parts can be measured  Rather. the present method pro-
vides 4 simple alternatine when only the real paris of
dielectne constants in fow loss materials are needed

MEASURIMENT OF DIFLEC ERIC CONSTANT OF TOW 1OSS MATLRIALS e K41

V. CoNCIUSIONS

We proposed a simple method for measuring the dieled
tric constant of slab-type matenals for mcrowave and
millimeter-wave apphications. A number of features ol the
method are hsted as well as results of some exinmple
measurements. The fatter agreed well with data supphied
by manufacturers.

APPINDIN
DERIVATION O Bouation ()

Although a more exact analvsis may be done, we pie-
sent here a sumple method to obtam the dispersion el
tion an the gratng secuon i the IS wanveguide operated m
the surface-wave region. We will model the grating ~ection
as penodically cascaded transmission line. The comples
phase constant /2 can be approximated in a mannct simy-
lar to the one found in {8} Fach unit cell of the grating
consists of two transmission hines; the grooved section of
length « and the nongrooved section of length (¢ ) In
this analysis. any junction susceptance between these twao
transmission lines will be neglected.

We will wnite the ABCH matnix for cach transmission
line section. and subsequently obtain the ABCDH muatna
for the unit cell. Since the mput and output signals of he
umt cell differs only by a certamm complex phase [ we
obtain an egenvalue equation for . which s

cosfid = cos( 8, ateon| 3, (d uw e BB G

st e arsin fig td o a A

where 8, and /i, ate the phase constants m the vrooved
and nongrooved sectons of the IS wavegunde In the
stopband fid = =

caused by the mode coupling between spave harmonics

fad where as the attenuation consiant
The center frequency £ s where a becomes o manimum

The phase constants 8, and /5, can be obtamed by
solving the cigenvalue probiems associated with the 18
wavegwides with or without a gap between the coidiyg
layer (€,) and the dielectne snip e,) The detuls of the
derivation of /i, are wiven in [2) To obtan /i, . we need
to modify the method in [2] so that the an region between
the gurding laver and the dieledtnic stnp s taken ap-
propnately into account We need to modify ¢g (3 |2}
and wnite an expression for the air-gap regron Obviously,
the effective diclectnic constant in such a region v dilter
ent from the no-air-gap portion and. hence, egy 14) and
(5) 2} should be modificd However, all the remaming
procedures in |2} remain unchanged for denvation of 5

The center fiequenay ¢ can be computed an the tollow
ing mannet
parameters. woe compute fiy, o and 5, versus breguenaes
Then (A1) s solved for 1o and we obtuan 1 ot which o
becomes maximum

Farst for o oiven set of stractual and matersal
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Trapped Image Guide for Millimeter-Wave
Circuits

FATSUO TTOH, seNtor MiMBER, 111 AND BERND ADFISECR

Abstract — A novel dielectric waveguide is proposed for use in millime-
ter-wave integrated circults, and a simple analysis for dispersion character-
tstics Is developed. Numerical results agree 1 bly with ed data.
Radiation losses of this waveguide at curved sections are proven to be
coasiderably less than those of the image guide. As an application of this
waveguide, a leaky-wave radiator has been tested.

[ INTRODUCTION

ECENTLY. a number of works have been reported

on millimeter-wave integrated circuits based on di-
electric waveguides {1}, [2]. In addition to image guide
structures, several new waveguides have been proposed
and tested [1]. [3]. [4). An inherent problem of dielectric
waveguides is the loss due to radiation at curved sections.
junctions and discontinuities. This problem may be allevi-
ated by the use of matenals with high permittivities.
However, use of such materials is often prohibited due to
operating frequencies, sizes, and so on.

This paper proposes a new type of open dielectric
waveguide which reduces the radiation loss at curved
sections in dielectnc integrated circuits. The structure is
called a trapped image guide and is essentially a rectangu-
lar dielecric rod placed in a metal trough. The cross
section of the trapped image guide is depicted in Fig. 1. In
integrated circuit applications, almost all the bends are in
the sideward direction. In ordinary image guides, the
electromagnetic energy escapes from the guide as a propa-
gating wave in the sideward direction at the bend. In the
trapped image guide, such a leakage will be mostly re-
flected back to the dielectric portion by the metal walls if
their height (the depth of the trough) 4 is reasonably large.
As long as the waveguide is operated in the single mode
region, the reflected energy will couple to the guided
mode once again. Of course. an excessively large h is not
very practical in actual integrated circuit applications. The
trough may be readily created by machining a metal plate.
An alternative s to machine a trough in a dielectric
material followed by a metal plating.

Actual Ka-band (26.5-40 GHz) test setups of straight
and curved sections of trapped image guide are photo-
graphed in Fig. 2. In these setups, instead of a machined

Manuscript received May 16, 1980. This work was supported by the
U.S. Army under Research Grant DAAG29-78-G-0145.

T. ltoh 18 mith the Department of Electrical Engineering, The Univer-
sity of Texas at Austin, Austin, TX 78712,

B. Adelseck 1s mith AEG-Telefunken, Hoch-frequenztechnik D-7900,
Ulm, West Germany
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Fig. 1. Cross section of the trapped image guide

()]
Trapped 1mage guide structures.

Fig. 2.

trough, we added metal side walls to the ground plane for
an image guide. Metal side walls to create the trough may
be removed when an image guide setup s desired. Two
transitions are provided for connecting the setups to con-
ventional rectangular metal wavepuides. Each of these
transitions includes a semiconical horn onginally designed
for image guides (Fig. 2 without side walls) and tapers on
the metal side walls to provide smooth transition to the
trapped 1mage guide. In what follows, we provide an
approximate theoretical analysis of wavegwding chur-

0018-9480/80,/1200-1433%00.75 = 1980 IEE}
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acteristios in the tapped mmage and the results are com-
pared with experimental data. Some expenimental 1nvest-
gations on the radiation loss charactensties at the bend
are reported. An application of this wavegude as a
frequency-scannable leaky-wave radiator s included.

I1.  A~NALYSIS OF THE PROPAGATION
CHARACIERISTICS

The complete ficld components i the stringht section
of this waveguide mayv be derived from two field compo-

nents
f‘—-—L(/r‘—f-)a (n
ety dx?
)2
H‘=(/f"— ‘—:)¢” (2)
dx-

where €, 1s the relative dielectrnic constant i each con-
stituent region i Figo 10 s the propagation constant,
and ¢° and ¢ are two scalar potentials. Since the structure
1s very simular to the mmage guide, we classify guided
modes into £ and £ types. In the former £ and H, are
predominant field components and we neglect H, by
setung " =0. Next. we assume that the metal wall height
h 1s reasonably large and the electromagnetic wave 1s
reasonably well guided. Then. it 1s possible to neglect the
fields in Regions 7 and 8 in Fig. 1. This assumption allows
us to mathematically increase & to infinity. When this is
done, we can divide the cross section into three vertical
regions: 3 and S 1 and 2. and 4 a~d 6. We will apply the
method of effecuve dielectne constants (EDC) to this
hypothetical structure [3]. [4]. The EDC. ¢, of the central
region (1 and 2) for the vertically polanzed (E") modes,
may be obtained from

k N
Cn =€ —(l—‘ } (3)

where A 18 the solution to the eigenvalue equation

A .
2 tank b 2k =
2 ank, Vie, DkG -k =0, (4)

.

Equation (4) s obtuined by matching H_ ~¢* and E, ~
boe, (v a0 /dy at the interface vy =5 for a hypothetical
slub structure realized by letting a approach infinity. The
EDCs for 3 and S, and 4 and 6 regions are assumed to be
ane.

Next. we replace the hvpothetical structure with another
hypothetical one. consisting of a vertical slab of width 2a
and dielectric constant ¢, sandwiched between air re-
gions of width ¢ which are 1n turn terminated by vertical
metal walls at v= *(a+c). Notice that we now have a
vertical two dimensional structure which s closed n the
sideward direction. By solving the eigenvalue equation of
this final hypothetical structure for the phase constant &
in the siab region. we obtain the propagation constant of
the guided mode from

k..=\ﬁ,.,k;1 ki (5)
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: ,' ! r,j'l-,j n
) €. 2t Lol '
P 4} e T Teg
.~ & -

£ _

. - N
. -
LY / .
8 o

s L7 4
g Ay,

£
.

\ Ay
3 Cromm AM/}?/ ,’/‘-..
2 - - . ad USRI
: ) I3 20 30 ac .

FREQUENCY (GH1)

Fig. 3. Theoretical and expennmental dispersion characteristics

The method presented above 1s only an approximation.
It is expected that the results are accurate at higher
frequencies where the field 1s well guided. However, at
lower frequencies, the results are less accurate becunse
then the field extends to the Regions 7 and 8. and the
assumption that A4 is infinite no longer apphes.

Some numerical results are plotted in Fig. 3 on which
experimental data are also indicated. 1n the computation,
the value of ¢ was vanied and dispersion charactenstics
calculated. Also, the results for the ordinary image guide
(c—oc) are included. It i1s noticed that all the results for
the trapped image guide approach those for the image
guide at higher frequencies because most of the energy 18
in the dielectric rod and the effect of the side walls
becomes smaller. At lower frequencies the effect of the
walls becomes significant. The propagation constant /3
approaches the cutoff value (free space wavelength &)
faster than the image guide case. The smaller the value of
¢, the more pronounced the effect of the walls 1s. Actually,
it is expected that the true value of 8 should be larger than
the computed one near the cutoff, because there our
assumption that A is infinite no longer holds. Such 1
clearly indicated by comparnson between computed and
experimental results for ¢=1-mm case in the 25~ 30-GHz
range. We also notice that all other experimental data
qualitatively agree well with theoreucal prediction. The
experimental results at higher frequencies and those for
image guides have some quantitative discrepancy with
computed data. It is believed that the cause 1s in the
experimental process which 1s quite sensitive to the per-
turbations applied to create standing wave patterns used
to measure the guide wavelength.

Experimental results for transmission loss of a straight
section of the waveguide are plotted in Fig. 4. The results
include the loss and reflection at two transitions, each on
both ends of the trapped i1mage guide: one from the
conventional metal waveguide to the image guide and
another from the image guide to the trapped image guide.
From Figs. 3 and 4, we find that the propagation char-
actenstics are almost unaffected by the trough over 27~
40GHz if c=4mm. For smaller ¢ values. the transmission
loss increases at lower frequencies. This is because of
larger scattering at transihons due to larger differences in

| | | q
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Fig. 4. Transmussion loss in trapped image guides: the length between
the transitions is 20cm.

8 between the image and trapped image guides. The
scattering loss is largely in the form of radiation at the
transition. However. no radiation has been detected from
the trapped image guide section for any value of ¢.

1. RADIATION AT CURVED SECTIONS

Next, we investigated characteristics of a curved section
of the trapped image guide. As an example, we used a 90°
bend of center radius 63.7mm (Fig. 2(b)). The launchers
from the metal to image guides are identical to the ones
used for the measurement of the straight section. Similarly
tapered transitions are used from the image guide to the
trapped image guide. We studied the following setups: an
image guide (c—c) and trapped image guides of c¢=2
and 4mm. In the two latter cases, we also removed the
inside walls of the trap. as we believe the radiation at the
bend 1s generally directed to the outer side, or away from
the center of the curvature. These two structures are
labeled with a subscript a. such as c,,.

The transnussion characteristics of a curved section are
plotted in Fig. S. It is noticed from the figure that, at
lower frequencies where the effect of the trough is mqre
pronounced. the transmission characteristics of the image
guide are improved except for the ¢ =2-mm case where it
is believed that the scattering at the transition is quite
strong. When we remove the inside wall, the loss decreases
considerably as shown by ¢, =2-mm curve. Since ¢, =4-
mm case is indistinguishable on the graph, only ¢=4-mm
case 1s shown. Notice that the transmission characteristics
in Fig. S include the scattering loss at transitions from the
tmage guide to the trapped image guide.

Since radiation also occurs at the transition from the
image guide to the trapped image guide, we find that the
radiation loss caused 1n the curved section itself should be
smaller than those in Fig. 5. To confirm our argument, we
have measured two other quantities. The first is the reflec-
tion toward the microwave source from the dielectric
waveguide setup including the transitions. The results
indicate that the reflection 1s generally quite small (less
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Fig. 6. Radiation loss from a curved section of the trapped imuge
guwde.

than - 20dB) and its characteristics do not depend on the
different arrangement of the dielectric waveguide. This
fact dictates that most of the energyv scattered n the
dielectric waveguide section s radiated and 1s not coupled
to the metal waveguide mode through the transition.

The second quantity we measured is the radiated en-
ergy. Since the radiation occurs at several different loca-
tions, viz., at the transition to the image guide. at the
image guide to trapped image guide transition and finally
at the bend. it is desirable to distinguish these compo-
nents. Although complete distinction 15 not possible, we
tried to receive the energy radiated at the bend mos
strongly. To this end, we placed a standard gain horn at
about Scm away from the outer wall of the image guide
wall location. The axis of the horn is on the radus of
curvature intersecting the midpoint of the curved section
Therefore, the horn is looking at the setup v a symmetric
manner.

Fig. 6 shows the frequency charactersties of the radia-
ted power captured by the horn. Only the results for
c=4-mm case and the image guide case (¢ »3¢) are plotted
to avoid crowded drawings as in the other cases, 1.¢.. =2,
c,=2, and c¢,=4mm gave results simlar to those fu
c=4-mm case. At lower frequencies, we sec considerable
reduction in radiation by the presence of the trough walls
It 15, however, not possible to quanutatively compare
different trapped image guide setups with each other,
because radiations from several different sources are inter-
mixed and the relative contributions from these sources
will not be identical in each case.

ﬁ___._—_—-———u
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Fig. 7. Computed and measured ( x) main beam direction.

IV. GRATING LEAKY-WAVE STRUCTURES

The new waveguide is still an open waveguide as the
trough is not covered. It is well known that, when periodic
perturbations (gratings) are created in an open waveguide,
the resulting structure exhibits either the leaky wave or
surface wave passband and stopband phenomena [5], (6).

The structure works as a frequency-scannable antenna
if | 8,/ko| <} where k, 1s the free space wavenumber and
B.=B+2n=n/d is the propagation constant of the nth
space harmonic associated with the grating with the period
d. The main beam direction measured from the broadside
is given by

B n}\)' (6)

0M=sin' l(7(—(; + T{
Usually, n is taken to be — 1. It is seen from (6) that 8,, is
a function of frequency. If the attenuation of the guided
wave due to radiation is small in the grating the radiation
pattern is approximated by that of the cophasally excited
linear array, and may be obtained from the well-known
space factor calculation. Then, the power radiation is
given by

1 |sin(Ny/2) [
SO A G (v/2) @
y=kodsind-B,d (8)

where N is the number of grating elements.

We developed an antenna from the trapped image
guide with ¢,=2.56, a=b=2mm, h=4mm, c=4mm. The
grating period was taken as d=5mm and the number of
elements was 28. The grating was created with narrow
(1 mm wide) metal strips placed on the top surface of the
dielectric rod. Fig. 7 shows the computed and measured
main beam directions when the frequency is changed in
the Ka band. The negative values of 8,, imply that the
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antenna is backward firing. The differences in theory and
experiments are mostly Jess than 2°. Fig. 8 shows a typical
E-plane ( yz-plane) radiation pattern. The pattern is a bn
asymmetric as the antenna was placed near the edge of a
big metallic slab. A relatively strong radiation in the
+72° is caused by the fact that the transmitting oscillator
radiated power directly into the feed horn of the antenna.
The main beam width and sidelobe ievels computed by
the simple theory above resulted 6° (at —3dB) and
—13.5dB as compared with measured values of 6.5° and
—14dB.

V. CONCLUSIONS

We proposed a novel trapped image guide for millime-
ter wave applications for the purpose of reducing the
radiation loss at curved sections. Fundamental propaga-
tion characteristics are obtained by an approximate the-
ory. Numerical results are compared with measured data.
Investigations of radiation loss at a 90° curved section as
well as the application of this guide to a leaky-wave
radiator are included.
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ABSTRACT

Wnocmape punde s excited by oa Stot Yagr o oarvay
corated an the ground plane so that the mayority ot the
cnergy travels g specified direction. the methad s
~etful tor amplementing planar Jevices tor amage-guide

stracta

Introduction

Recently, image- juides have been investigated by
« aumber of workers for apphicathion in millimeter-wave

integrated circurts, To date, an image-guide s
tvprcally excited by a tapered scction inscrted anto
ancopen-ended waveguide or g wavegaide horn designed
tor the least amount ot anxsertion loss and reflection,
Irese structures with good design are usefut for inter-
Tacing the amage-yurde with conventional waveguide rr-
Cults.  However, 1f true millimeter-wave antegrated
corcuits are built with amage-guide structures, it s
necessary that sobid state devices are ancorporated an
cronear the image yuide so that they intertace the
latter directly or possihly by way of planar networks
il as microstrips. Inrect amplementation of solid
~tate devices as not very sewarding as the unerior
created by the Jevice causes a number of problems -uch

vioradeation and mnedance moamatoh.

1o alleviate such problems, solbach recently pro-
posed a slot strocture in the ground plane ot the <
image-gurde and placed a detector diede an the s
With an appropriate design, detector eftioaency wae
found to ke relatively yood.  One of the problem. ot
S b structare, however, o+ that the slot created an
the ground plane o0 bidirectional, that aso a1t o
tares~ the gueided waves coming from both directions . or
1tothe sbot s used for excitation. the power - splat
Jite beoth directions in the image-gurde.

this paper proposes a method for substantaatly
increasing the directivity of the excrtation from the
~1at gn the ground plane. This scheme consists of
multi-slots in the ground plane arranged in a Yoy taia
areav o arrangement (Figure 1. imirke the pliosed oo
arrangement, the Yagi-tida array requires only wne cle
ment to be active, thus reducing the number of reguired
active devices.  Actually, a monopcle type Yogi-ilda
array anserted into the dielectrie gurde has been

rcportcd" However, the present structure oot
more appropriate tor mlimeter-nave «rouits beckine
the <lot -tructires are amenable to plana tabricatoon
technolopy

Peagn tritevia

The slots an the pround plane of an oama, eyl
can behave as the clements of o Yoy Hdy areray by
adjusting the wodeh, Tength, and spacang ot the doets,
The parameters of intere t oare detaned a0 oagure

Ln wOrk wias sapported on opart by U5 Army Research
: eoUrant DAN R Y o ldn o and an part by o
Serodces Hleetronaes Program FI960 77 0 otol.

The length of the driving element is chosen so
that :t is at half-wavelength resonance. Note that
the slot can be tewed as a short-circuited slot-line
with the Jdicleo ric slub of the image-guide as the
substrate.  Hence, to determine the resonant length,

the analysis developed by S, Cohn>*® was utilized and
yielded a second-order approximation for the guided
wavelength,  Design data was available from various
curves in Cohn's analysis and the slot-line parameters
werc substituted to give the length of the resonant
slot. 1n adderion, the end effect in a shorted slot
had to be taken into account. Research conducted by

.
knory and Saen:’ indicates that this factor serves to
inceease the resonant length by as much as 20%.

to obtarn the maximun exvitation of the image-
quide mode 1n one direction, it is necessary to adjust
the Yagi-Uda slot parameters. By lengthening and
shortening the parasitic slots, reflector and director
clements are vreated to increase the coupled energy
Al spedatied direction,  The rescarch conducted

by several authors yndicates that the reflector
fength o« approximately 5% Jonger than that of the
driver and the director is about 10% shorter.

The optymum retiector spacing was cxperimentally

B
determined” to be ap/d As for the director spacing,
A maximam gain can be achieved by adjusting the width
and Tenpth of the <ot as long as such spacing does
not cxceed 1 3vp. hote that «g an our application
>” mode 1n the
tage ane, and os determined by applving the methad

should be the gacde wavelength of the |

Ot tte tive U elect e onnstant s To thi< end, we

tirst oltain . of for the vertically polavized modes
€
(kv)>
et ‘r . o
O

where ks b solution 1o the eagenvalue equation
A)

Next, the stractare s repiaced with a hvpothet)

cad avertrcad o caob oot wrdeh e and sntingte herght oand

drcledtrre vonstant . By solving the cigenmvaiue
¢
tquat o ot e by pottletical tracture tap the b
cvtant ok o the lab o regien, o we abtaan the | ropa
\

vt ron constant ot the pnnde mode from

3 J; "y coand thos, the guided wavelength,

Finally, the width of the <lots as adjasted ta
vary the appnt ampedance <o that the optimam gain is
ohtained.  Rigorous determination of the ampedance s
too complex to be practical for this study, and thus
the dot widthe were determined experimentally




e

e

Mithough an active device may boe dircct iy g
mented an the driving slot, our obiective here s to
stud. the coupling between the s<lot array and the
vmage-purde.  To this end, we stadied severad met bod-
b cxortang the slot by oan external sourad Taig 5o
Although thy
deviates trom the planar Gype desagn, a0 good ampedan
el can cantly Lo obtaimed To o enhianee et ficaent
cacttation of the Jriving slot. 1t as thus appropstate
for laboratory studies.  figure sh proposes 4 planar
type teed with a slot-line. De~ign of an efficient
feed by this mechunism is more difficult.

1 oone ot such stuactures vontigurn it ion

Lxperimental Results

Various configurations were tested and the foliow-
1ng parameters were used: a design frequency of 7.5
tHz, 4 ground plane thickness of 0.1 mm, and a dielec-
tric vonstant of 10.0. Yagi arrays with only two ele-
ments (driver and reflector, driver and dir -tor) were
tested first. The measured front-to-back ratios of
transmitted power are shown in Figure 4. A relatively
high ratio is obtained with the reflector behind the
driving slot., However, the bandwidth is very narrow.
A wider bandwidth (but a lower ratio) appears in the
case of the driver and director when the width of the
Jirector s darger. By antroducing more Jdirectors ante
the array, a higher ratio and wider bandwidth 15 Go-
taned.  The results tor 3, 4, and S5 element array:.
are <hown in Figure 5.

Conclusion

The principles of the Yagi-Uda array ure applicd
tu the slot-fed image linc 1n order to reduce the radi-
ation losses and increase the energy transmitted in the
specitied direction.  The experimental results show
that even with a two-element design, one can obtain
greater transmission in the forward direction. A five-
element design proved to have a wider bandwidth while
maintuining an overall increase in directivity in the
Jdesired direction.  The results reported in this paper
are helieved to be viable and can prove te be effective
in the design of planar millimeter-wave circuits using
imige-guide structures. Tt s expected that an an
creaned number of ircctor element:s amprove the front
to back cxeartation ratio even further, provided o care
tol Jdesaer s vart,ed out.
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AMULLIME TER-WAVE PLANAR SEOT ANTENNAS WITH DIELECTRIC FELDS

.o ven and AL Paal
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b lectron Dynamics Division
1100 West Lomata Roulevard

Torrance, o N 0G50

T. 1toh
Dept. of Viectecad Engimecring
University o Texas
Voastin, Tovas 78712

ARSTRACY

Measuremients have Leen made on varioas antenng configuratooss aitable o onoithie integratuon at millimeter-wave
frequencres. The bastc structure copsists of a sngle siot dipole radiator etchiew oi a dielectric substrate and combined with a
beamn lead detector diode, nnanceirent of the antenna directivity has been arhieved through the use of dielectric rods oriented
over the slot area. \ddition of these rods has inproved directivity up to 15 dB at o9 GH/L

Intreduc ion BONDING

PAD
There s an ever increasty interest i the apphication \

of monolithic fabrication techtaques to amllineter-wave com- . -
ponems.l‘3 One such objective of monobithic mmtegration s to
eluninate the use of waveguide connections to a airrcat,
including those from an antenna to 1 raxer. Inorder to do <o,
an efficient antenna structure :oust He developed wihpch can e
combined with quasi-opticai or other such techmgues to fultill oLANE
the overall directivity requirements of the svstem, \

GROUND

One antenna stroacture bemp mvetigated s the plaiar
slot dipole. By combining o dipole etened ona diele s tree sub-
strate with a diciectric rod teed orieated ner the siot gread,
the directivity is unproved and tield pattern s suitanle for
teeding a parabolic or Cassegrain structure.

Sint Antenna
The slot antenna s ab adaptat:on of o rether classical
desngn“-s that ases two shorted quarter-waselemith treasimis-

sion hines,  In this specif.o case, ¢ coplanar waveguide trans-
mission line 1s used to teed o halt-wave slot dipole o the
center. Figure | shows the lavout of the antenna and Jeed, A
bonding pad 1s included a4t the end of the feed for bonding a
bearn lead diode and video output lines Thas pad caa ddao serve . .
for bonding a detector bypat. capacitane e to e sarecendimy N\
wrount plane.

SLOT/

FLURE T e ne SEOT IHPOLE ANTENNA
Various Jiejeotrie sabstrate maternals fave beeo ased

for the stot antenna mofuding Durond, Tetlon, quurte, \pig,
sapphire, and high resistivity stlicons The twee snaterials most
thoroughly evalnated to date are Teflon and quartz, For the

¢ ! i % Y i ; ’ ; ven sev
A0.GHZ antenng desipn, the Tellon substrates were 9% o soth di nensiois nnproved the VSWR and prevented ere

aberratioss i the radution pattern. MDielectric matenals for

thick with 1S o0 of copper claddmg, whale the guarty

. . . the rods were chosen to be compatihle with the slot antenna
substrates were 257 um thick with plated vp Ur-Au aetal- .
I 2ation substrate.  Por the Tefton substrate, rods were made of

Teflon. However, to siuplity fabrication of the rods for the
quarts substrate stractuares, horon mitride was used for the

fential tests showed the detector oatpat soltage to he )
rads rathier than quactz,

lower thatr exped ted due to imsatfiorent bypass < apar 1tance tog
the diode. Additional capacitance was added Dy <trapping two

thin filtn rapacitors to the bonding pad as shown i Figure 2. Design ot the diviectric rods was based upon single
This additional capacitance increased the detocted output mode propagation of dielectric waveguide. The overall length
voltage by 20 diA, thus nnproving the overatl etfioione s, of the rod was typically 3 to 5 free space wa\~e}gngths with a
tapered section about half the overall fength, ¥igure 3 shows

Mreles tric Feed A typreal dietectnie rod, Althoug!h: the averall antenna per for-

- mance may be ymproved further by more extensive design

The directivity ot a4 sunple slot dipole? 15 rather poor 1if procedure ot the rod structure, the present attemnpt exhibited

. fac . e
being considered s a feed tor an antenna systeno To eonance more than satisfactory results, as shown tater,

the directivity, a rectangular dielecteie rod was pliced over

the Aipole area. 1t s well known that the dielectin rod «an be Rods were attached to the slot antenna by means of a
used as o surtace wave antenna.® In the present work, such a polystyrenc based adhesive. Its low dielectric constant and
surface wave anteand rod 1s ased as a direc tor to cnhance the low loss nature assured lLittle perturbation in the radiation
dire.tivity of the sint antenna.  Tapering of the rod in one or pattern due to 'ts presence,
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Spectral Domain Immitance Approach for
Dispersion Characteristics of Generalized
Printed Transmission Lines

TATSUO TTOH, SENIOR MEMBER. [FEE

Abstract —A simple method for formulating the dyadic Green's func-
tions in the speciral domain Is presented for geoeralized printed trunsmis-
ston lines which contain several dielectric lavers and conductors appearing
st several dielectric interfaces. The method is baved oo the transverse
equivalent transmission line for & spectral wave and on a simple coordinate

{ k This formulation process Is so simple that often it is
asccomplished almost by inspection of the physical cross-sectional structure
of the transmission line. The method Is applied to a new vervatile transmis-
sion line, a microstrip-siot line, and some numerical results are presented.

I INTRODUCTION

FEW YEARS AGO, a methed called the spectral-

domain technique was developed for efficient
numencal analyses for vanous planar transmission lines
and successfully apphed to a number of structures [1]. {2).
One difficulty 1n applying this techmique 1s that a lengthy
dervation process s required in the formulanon stage.
especially for the more comphcated structures such as the
one recently proposed by Atkawa [3), {4} in which more
than one conductor are located at different diclectnic
interfaces. This paper presents a simple method for deriv-
g the dyadic Green's functions (immittance functions)
which 1s based on the transverse equivalent circuit con-
cept as applied in the spectral domatn in conjunction with
a simple coordinate transformation rule. This techmque 1s
quite versatile and the formulation of the Green's function
may be done almost by inspection in many structures. 1tis
noted that symmetry in the structure is not required and
that the analysis can be extended to fimite circwt ele-
ments, such as the disk resonator.,

In what follows. we first illustrate the formulaton pro-
cess for the microstrip hne and subsequently extend it to a
more general microstnip-slot structure. Numerical results
for the mucrostnip-slot structure are also presented

1L B USTRATION OF 1HE FORMUTATION PROCESNS

T'o allustrate the formulatnon processe we will use a
simple shieided microstrip hine shown o Fig, 1 In comen-
tonal space-doman analvas [S] this structure may be
analvzed by first fonmulating the following coupled homo-
geneous integral vquations and then solving for the un-

Manuscript recenved Octobe: 26, 1979, revised Februan 201980 Thas
work was supported in part by U'S Army Research Office under Grant
DAAIY.TR.¢5.0145

The author 1s with the Department of Fiectncal F nineenng. Univer
wuty of Tenas. Ausun, X 7R712

A AT

Fig 1 Cross section of a microstnp line

Known propagation constant f3:
[T2.05 di ) - 2 (v= d (V) [dy =0
(1)

’[Zu(( v dW () (- xd) \')}a'x=0
(1)

where /, and J, are unhnown current components on the
strip and the Green's functuons (impedance functions) Z,
ete . are funcuons of unknown f# as well. The integration
is over the stnip, and (1) and (2) are valid on the stnp. The
left-hand sides of these equations give £, and E, compo-
nents on the stnip and. hence. are required to be zero to
satisfv the boundary condition at the perfectly conducting
strip. These equations may be solved provided that 7,
etc, are given. However, for the inhomogeneous struc-
tures, these quantities are not available in closed forms.

In the spect:al domain formulation, we use Founer
transforms of (1) and (2) and deal with algebraic equa-
tions

Z \adV la.dV+ 2, fa.d)d (ad)=Ead)  (3)
Zoa dV (ad)+ 7, (o d W (ad)=E(a.d) (4

instead of the convolution-type coupled integral equations
(H and (2. In (3) and (4). quantities with ~ are Founer
transforms of corresponding quantities without ~. The
frouner transform s defined as

x

Gla)= ‘ ol Ve dv (5’
oL

Notce that the night-hand sides of (3) and (4) are no
longer zero because they are the Founer transforms of £
and £ on the substrate surface which are obviously
nonzero except on the stnip Henee. algebraie equations
(3 and 4 contn four unknowns / J.. 1- and i.
Howeser. £, and £, will he ehinunated later i the solu-
ton process based on the Galerkin's procedure.

O01R 9480 8O "0700-0733800 7S < 1980 IHFE
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Fig 2 Coordinate wansformation

- yen —_—

Fig. 3. Equvalent transnussion lines for the microstrip hine.

The closed forms of Green's impedance funcuons Z,,.
etc.. can be derived by first writing the Fourier transforms
of fie' 2 components in each region in terms of superposi-
tion of TM-to-v and TE-to-y expressions by way of
Maxwell's equations.

b:_y(a‘_v)=_4'coshy, V. 0<y<d

= B coshy,(h - ). d<y<h (6)

H,(ay)=A"unhy, ¥, 0<y<d
= B"sinhy,(h - »). d<y<h N
v =Val+ Bk y=Vai+BE KL (8)

Next, we match tangential (x and z) components at the
interface and apply appropriate boundary conditions at
the strip [1], [2]. By eliminating 4°, B°. 4" and 8" from
these conditions, we obtain expressions for Green's 1im-
pedance functions Z,. etc.

In the new formulation process we will make use of
equivalent transmission iines 1n the y direction. To this
end, we recognize that from

1= .
E(x.y)e /"‘=r,;f E(ay)e "B de  (9)

all the field components are a superposition of inhamoge-
neous (in y) waves propagating in the direction of @ from

the = axis where A =cos '(B/8). {=a?+ B2  Forcach 8,
waves may be decomposed into TM-to-v (E‘..ff, .H,). and
TE-to-y (ﬁy. £, H)) where the coordinates ¢ and w are as
shown in Fig 2 and related with (x.2) via

u=:smf xcosh

v=2zcost + vané. (10)
We recognize that J, current creates only the TM fields
and J, the TE fields Hence, we can draw equivalent
circuits for the TM and TE fields as in Fig. 3. The

charactenistic admittances in each region are

LEFF TRANSAC TIONS On MICROWAVE THEGRY AND Tro MNIQUES, VOL, MTT-28, NO 7, nay 1980

H Jweye
Y= &= =12 (1)
1M [_-«' Y,
H Y,
Yo, = o=, f=12 12
Iy £ jun i (12)

where y, =\/u"+ 7 Ak s the propagation constant 1n
the » direcuon 1n the nth region. All the boundary condi-
tions for the TE and T™M waves are incorporated i the
equivalent arcurts, For instance. the ground planes at
»=0and & are represented by short circuits at respective
places. The electne fields £, and E, are continuous at

y=d and arc related to the currents via
E(a.d)=Z%a.d)] (a.d) (13)
Ea.d)=7"a.d)] (a.d). (14,

Z¢ and Z* are the input impedances looking into the
equivalent circuits at 3 =d and are given by

ZNad)y= o 5
(a.d) i+ ¥ (15)
< 1
ZMad)= ——— (16
Yr+y!h

where Y| and Y; are input admittances looking down and
up at v=d in the TM equivalent circuit and Y} and ¥?
are those in the TE circuit:

Yi= Yy, cothy(h -d) Yi=Yiy,cothy,d (17)
Yi= Vi cothy, (A~ d) Yi= Yy cothy,d  (18)

The final step consists of the mapping from the (1, ) to
{x.z) a coordinatc system for the spectral wave corre-
sponding to cach # given by a and f. Because of the
coordimate transform (10). £, and E, are linear coimbina-
uons of £ and F, . Similarly. J, and J, are superpositions
of J, and J,. When these relations are used. the imped-
ance matnx elements 1in (3) and (4) are found to he

Zda.d)=)N 7 (ad)+ N7 a d) (19)
Zolay=7 tady= NN Zad)+ ZMad))
(20)
Zotlad)= N7 ad)+ Ni7ZMa.d) (21)
where
No= Y =sing N,=~:ﬁ_;;—=cm0. (22)
Vol 4 ARYE

Notice that Z¢ and Z* are functions of a2+ 82 and the
ratio of o to 3 enters only through M and N,

It a5 eamly shown that (19) (21) are wdentical to those
previously dertved by means of boundary value problems
imposed on the field expression 1], 2).

I ExteNsion 1ot Miucrosirie-Sy ot
STRUCTURE

T'he method presented in the previous section may be
extended to more compheated structures such as the mi-
crostrip-slot hine structure in kg 4. This structure s
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Fig. 4. Cross section of a microstnp-siot hne.

Fig. S Equivalent transmussion hines for the microstrip-siot hine.
believed to be useful in many microwave ntegrated circut
designs because there 1s an additional degree of freedom
in design due to the existence of the slot [3], [4]. {6]. The
characterisic 1impedance and the propagation constant
may be altered from those in the microstrip line by
changing the slot width in the new structure.

By companng the new structure with the microstnp line
in Fig. 1, we may draw equivalent circuits 1n Fig. 5. From
Fig 5 we get

E(ad+t)=Z8J(a.d+ 0+ 7] (a.d) (23a)
E(wd+ =7 J(a.d+0)+ 28] (a.d) (23b)
E(ad)y=28] (a.d+ 1)+ 28] (a.d)  (24a)
Fla.d)y=27%\ad+ 0+ ZypJ (a.d) (24b)

where Z’f, 15 the driving point input impedance at y=d + ¢
and 7,, 1s the transfer impedance which expresses the
contribution of the source at y =d to the field at y =d+ 1.
Other quantities mav be similarly defined. Specifically

- 25]
40TV, )
Y= Yimeothy,(h - d- 1) (26)

Y + Y7cothy,s
Yo=Y '-ITL“""‘——_"Z— 27

Yi+ Yipmpcothyys

where

Y{= ¥ yrcothy,d. (28)

It is readily seen that Y and YJ, are input impedances
looking down aty =4 and d+ «, respectively, while Y7 is
the one looking upward at y=d+ ¢ On the other hand

s | Yy sinhyyt
Z|’2= e T "M" — A (29)
Yi+ Yy, Y+ Y, ,cothy,r
Here
} + Y/ cothy,r

. ™2
Y;, =Y T -
2w ™M Y+ Y cothy,r

15 the input admittance looking upward at v =d We

738

recognize that Z7, 1s the transfer impedance from Port 2
to Port | in the TM equivalent circuit. All other imped-
ance coefficients in (23) and (24) may be similarly denved.

Impedance-matnx elements may be derived by the co-
ordinate transform identical to the one used in the micro-
strip case. Some of the results are

2:') = N:IZ:I + N.Zilhl (30)
7?[1[1=Avlhl‘(_ Z.ltl“>z.l"l) (3])
21‘12 = N:zz.(: + A'Azz.lhl' (32)

The subscripts, say zx, indicate the direction of the field
(E,) caused by that of the contnbuting current (/,). The
superscripts, say 12, signify the relation between the inter-
face where the field 1s observed (1) and the one where the
current is present (2).

1V. Somi FFATURES OF THE METHOD

The method presented here 1s useful in solving many
printed line problems. We will summanze the procedure
for the formulation. 1) When the structure i1s given, we
first draw TM and TE equivalent circuits. Each layer of
dielectric medium 1s represented by different transmission
lines and whenever conductors are present at particular
interfaces, we place current sources at the junctions be-
tween transmission lines. At the ground planes, these
transmission hines are shorted. 2) We denve dnving point
and transfer impedances from the equivalent circuits. 3)
They are subsequently combined according to the sub-
and superscript conventions described in the previous
section, and we c¢btain the necessary impedance matrix
elements.

The method has ceriain attractive features:

1) When the structures are modified, such changes are
easily accommodated. For instance, when our structure
has sidewails, at say x= %I, to completely enclose the
printed lines, all the procedures remain unchanged pro-
vided the discrete Founer transform 1s used

¢(a)=f"’¢mewdx. a (33)

_nm
=357
On the other hand. when the top wall 1s removed, we only
replace the shorted transmission hine for the top-most
layer with a semi-infinitely long one extending to y - + oo.

2) The formulation 1s independent of the number of
strips and their relative location at each interface. Infor-
mation on these parameters 1s used in the Galerkin's
procedure to solve equations such as (3) and (4).

3) For some structures such as fin lines [8), it is more
advantageous to usc admittance matrnix which provides
the current on the fins due to the slot field. The formula-
tion in this case almost parallels the present one. Instead
of the current sources. we need to use voltage sources in
the equivalent circuits

4y 1t s eamly shown that the method s apphicable to
finite structures such as microstnp resonators and anten-
nas Instead of (5), we need to use double Founer trans-
forms in v and - directions so that only the v dependence
remains to allow the use of equivalent circuit concept.
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S Certaun physical information s readily extracted.
For anstance, 1t i clear that denonunators of typieal
impedance matrix elements give the transverse resonance
equation when equated to zero. This implies that for
certain spectral waves determined by a and fi. surface
wave poles may be encountered. How strongly the surface
wave is excrted. or if 1t 1s excited at all, 1s determined by
the structure.

V. NUMBFRICAI EXAMPLE

Although the intenton of this paper is 10 show the
formulation process, the additional steps required to ob-
tain numenwal results are discussed for the sake of com-
pleteness. We computed dispersion characteristics of the
mucrostrip-slot hne with sidewalls at x= + L by the pre-
sent formulation followed by a Galerkin’s procedure re-
peatedly used in the spectral-domain method.

In the previous section. the problem is formulated by
using the impedance matrix with elements Z2. (1.j=1,2
and p,g=v.2) and we presumed that the current compo-
nents on the conductors are unknown. It is more advanta-
geous in numencal calculation if we choose the current
components on the stnp j_,(u.d+{) and J (a.d+ 1) and
the aperture fields in the slot E:_,(u,d) and E.(u.a’) for
unknowns in the Galerkin's procedure. This i1s because the
aperture field in the slot can be more accurately ap-
proximated than the current on the conductor at 3 = d [4],
{7]. To this end. we rearrange the impedance matrix
equation to the one in which the above four unknown
quantities are on the left-hand side. This modification can
be readily accompiished. In the Galerkin's method. these
unknowns are expressed in terms of known basis func-
tions. Finally. we obtain homogeneous linear simulta-
neous equations as the nght-hand side becomes identi-
cally zero by the inner product process [ 1], {2] By equat-
ing the determinant to zero, we find the eigenvalue .

There are two types of modes in the structure. One of
them 1s a perturbed microstrip mode and another 1s a
perturbed slot mode. For the perturbed microstnp quasi-
T'EM mode. we have computed dispersion relations by
choosing only one basis function cach for four unknowns.
They are chosen such that appropriate edge conditions are
satisfied at the edges of strip and slot. For instance, we
can choose as the basis functions the Founer transforms
of

JAxd+1)= MAURTIIR
w? o x?
%

E.(vd)=
Vil !

It 1s readily seen that Founer transforms of these func-
tions are analvucally given in terms of Bessel functions
Fig. 6 shows some numenical examples of dispersion char-
actensues. The present results for o small slot width are
compared with those of a shielded microstop hine {1] Tt
clear that as the [requency ancreases. the presence of
o alse

E(x.d)=Va' x?

nonzere slot width becomes more agnificant
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seen that, as the slot width increases. the guide wavelength
becomes larger because the effect for the free space below
the slot 1s more pronounced. This suggests that the guide
wavelengrh 1s adjustable by two means. one by changing
the strip width and another by varying the slot width.

VI CoNCLUSIONS

We presented a simple method for formulavng the
eigenvalue problems for dispersion charactenstics of gen-
eral printed transmussion lhines. The method s intended to
save considerable analytical fabor for these types of prob-
lems. In addition. the method provides certain umique
features. The methad 15 apphed to the problem of mycro-
strip-slot ine believed useful 1in microwave- and milhime-
ter-wave nteprated crrcunts. Numerical results are alwo
presented.
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