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TABLE 111
COMPARISON OF MEASURED OSCILLATOR PERFORMANCE WITH
COMPUTATIONS OF TREW ef al.

2nd Harmonie 3rd Harmonic

Measured Computed [Measured Computed

Tuning Range % 3.2 3.8 5,1 17.2

Efficiency Variation (dB)| %0.5 1.0 +0.3 0.6

Phase Shift of Harmonic - 45 100-150 100

range. Table III shows qualitative agreement with previ-
ously published computer predictions by Trew et al. [5].
The method also has potential use for circuit diagnosis
since the harmonics can be readily separated.

Both methods utilize magnetic field changes which could
be obtained from small magnetic field-coils. These coils
can be built to provide moderately fast tuning rates,
suggesting that several tens of megahertz per microsecond
is a distinct possibility. The ferrimagnetic resonator
method requires an additional fixed magnetic field as
indicated in Figs. 7, 8, and 9.

.
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Slots in Dielectric Image Line as Mode
Launchers and Circuit Elements

KILAUS SOLBACH , MEMBER, IEEE

Abstract—Slots in the ground plane of dielectric image lines are
investigated using a planar resonator model. An equivalent circuit repre-
sentation of the slot discontinuity is derived and the launching efficiency of
the slot as a mode launcher is discussed. Slots are also demonstrated to be
useful in the realization of dielectric image line array antennas.

I. INTRODUCTION

N RECENT years, several components for use in di-
electric waveguide-integrated millimeterwave circuits
have been developed. Semiconductor devices and their
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Federal Republic of Germany.

associated tuning and matching arrangements and espe-
cially mode launchers have been noted for their inherent
radiation losses. To reduce the radiation effects in semi-
conductor circuits, metallic shielding is used (metal wave-
guide housing) and metal waveguide horn transitions are
used as mode launchers [1]. A different approach to
circumvent radiation losses uses periodic structures in the
radiation-free stopband mode as tuning and matching
devices [2], [3], or Yagi—Uda arrays as mode launchers [4].

In this paper slots in the ground plane of the dielectric
image line are investigated for applications as mode
launchers or discontinuity circuit elements. The main at-
traction of the proposed structure is that dielectric layer
above the slots due to total reflection from the dielectric—
air interface can act as a partial shielding, thus reducing
radiation losses.

0018-9480/81,/0100-0010800.75 ©1981 IEEE
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Fig. 1. (a) The slot as a mode launcher. (b) The groove as a line
discontinuity.

II. THE SLOT STRUCTURES

The proposed slot structures are skeiched in Fig. 1. In
Fig. 1(a) a mode launcher is shown with a wave incident
from a metal waveguide below the dielectric image line.
The wave is coupled into the dielectric image line through
a slot in the ground plane of the dielectric image line. The
incident power is partly coupled into the surface waves on
the dielectric waveguide and partly is radiated into the
space above the dielectric image line. In Fig, 1(b) a groove
in the ground plane of the dielectric image line acts as a
line discontinuity. The incident wave on the dielectric
image line partly is reflected by the slot discontinuity,
partly is radiated into the space above the dielectric
waveguide and partly is transmitted across the slot.

The aim of this paper is to determine a suitable equiva-
lent circuit for both cases. As readily can be seen, the
structures in Fig. 1 basically are T-junctions of a dielectric
image line and a metal waveguide. In Fig. 1(a) all of the
joining waveguides are considered infinitely long, whereas
in Fig. 1(b) the metal waveguide arm of the junction is
short-circuited.

Since a rigorous solution of this complicated three-
dimensional field problem poses severe difficulties it was
decided to solve only a planar field problem, where the
structures in Fig. 1 are independent of the direction per-
pendicular to the plane of paper. Of course the results will
only be of approximate nature when applied to the realis-
tic three-dimensional case of finitely wide dielectric image
lines with finitely wide slots in the ground plane.

Furthermore, for the solution of the reduced field prob-
lem with respect to simplicity of formulation and ease of
numerical evaluation a resonator approach was employed.
In Fig. 2(a) the investigated resonator structure is shown.
Here the dielectric image line is terminated by conducting
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Fig. 2. (a) The resonator structure with reflecting walls and a groove
beneath the dielectric image line. (b) The corresponding equivalent
circuit. (¢) The model resonator used for the calculation of the series

slot impedance.

walls perpendicular to the ground plane and the metal
waveguide arm of the T-junction is short-circuited after a
length 5. The fields of this structure due to its symmetry
and its side walls are identical to those in an infinitely
long dielectric image line with even-mode excited equidis-
tantly spaced slots in the ground plane. That means, the
model resonator will yield the characteristics of coupled
slots in long arrays, as used, e.g., in leaky wave antennas.
For the determination of the circuit elements of an iso-
lated single slot the distance / of the reflector walls must
be chosen very large in order to reduce its effect on the
slot radiating fields [5].

A suitable equivalent circuit representation of the reso-
nator structure is shown in Fig. 2(b). Here the slot discon-
tinuity is represented by a T-section. Since only narrow
slots shall be investigated the parallel impedance Z, may
be neglected and only the series impedances Z, have to be
considered. This is done by choosing the plane of symme-
try to be an electric wall as shown in Fig. 2(c).

In the Appendix, for the three regions of the model
resonator of Fig. 2(c) complete sets of fields solutions are
derived and by satisfying the boundary conditions at z=A
and z=0 the eigenvalue equation is derived. The solution
to the eigenvalue equation is the resonance frequency f, of
the resonator structure. In the undisturbed resonator
(vanishing groove depth s=0) the resonance frequency
Jo =Jou is purely real, while for finite depth of the groove
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Fig. 3. The calculated normalized slot radiation resistance versus the
number of order of the employed resonators with the normalized

frequency B=4h Ve,, —1 /A, as the parameter.

(s>0) the resonator leaks power into the space above the
dielectric waveguide and the resonance frequency turns
complex: f, =f; +jfy . The imaginary part f;’ accounts for
the radiation losses due to the slot fields.

As can be shown, a comparison of the calculated reso-
nance frequencies of the undisturbed resonator and the
disturbed resonator yields the slot series impedance Z; as

(4 2 £
zZ = —jZthan(KowM) 1)
Ou

where K, (number of order) is the number of half-
wavelengths inside the undisturbed resonator, /=
KyA,/2-Z,, is the characteristic impedance of the di-
electric image line. The convergence properties of the
method have been investigated and it has been found out
that for a satisfactory relative accuracy of the calculated
series impedance Z, the number of modes considered in
the ficld expansions of regions I and II need to be 2K, up
to 6K, while in region III in all cases examined three
modes are satisfactory (N=3). In the following for rea-
sons of better physical understanding a parallel configura-
tion of the imaginary part X, and the real part R, of the
slot impedance Z, is assumed as indicated in the inset of
Fig. 3. It was found that the number of order K, i.e., the
distance of the slots from the reflecting walls has no
appreciable effect on X, while it has a major effect on the

calculated resistance R, as can be seen from Fig. 3.

The reason for this is that the imaginary part of Z;
represents the energy which is stored inside and near the
slot, while the real part of Z, can be interpreted as the
radiation resistance of the slot since it represents the
power radiated from the slot. It is clear that the mutual
radiation resistance of the slot and his image (represented
by the reflector walls) will lead the variations in the slot
resistance as long as the images are near the slot. So, for
the calculation of the radiation resistance R, of isolated
single slots long resonators have to be considered with
K, > 10, or the asymptotical value of R, for a series of
shorter resonators has to be evaluated. Since the size of
the system matrix increases proportional to KZ the
numerical effort is very high when isolated slots are in-
vestigated. In the computations a maximum matrix size of
50x 50 was maintained with low accuracies of several
percent for the radiation resistance in some cases.
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Fig. 4. The calculated normalized slot radiation resistance and the
normalized slot reactance versus the normalized groove depth.
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Fig. 6. The calculated normalized slot radiation resistance versus the
normalized height of the dielectric image line with the relative permit-
tivity of the dielectric image line as the parameter.

In Fig. 4 the calculated slot radiation resistance R, as
well as the slot reactance X are plotted versus the depth s
of the groove. Analyses of this relationship have led to the
equivalent circuit for the slot as shown in Fig. 5. The slot
radiation resistance is assumed independent from the
groove depth s while the slot reactance is assumed to be
the sum of the reactance due to a short-circuited metal
waveguide (groove) and the fringing capacitance in the
plane of the slot. Thus the slot discontinuity simply is
described by an ideal T-junction with the real resistance
R, and the capacitance C, connected across the metal
waveguide arm of the junction.

Though this result may not be surprising from analogy
considerations with respect to metal waveguide T-
junctions, the magnitude of the radiation resistance R, is
most interesting to investigate. Due to the dielectric—air
interface at z=h part of the power radiated from the slot
is reflected back into the dielectric guide. Thus the radia-
tion resistance has to be expected to be a function of both
the height # of the dielectric and the relative permittivity
€,,. In Fig. 6 the calculated normalized form of the
radiation resistance R /Z,, is plotted versus the two
mentioned parameters.
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It can be seen that R,/Z,, increases with increasing
dielectric constant, i.e., the radiation losses decrease. This
accounts for the increase of the reflection coefficient of
the dielectric—air interface with increasing dielectric con-
stant. Furthermore Fig, 6 shows that the radiation losses
are a minimum for a dielectric guide with a normalized
height h-Ve,, /Aq~04. This accounts for the inter-
ference effects of waves radiated directly from the slot
and indirect waves (from reflection at the dielectric—air
interface and at the ground plane).

III. LAUNCHING EFFICIENCY

A. Theoretical Evaluation

The launching efficiency of the mode launcher sketched
in Fig. 1(a) can now be discussed employing the results of
Section II. The equivalent circuit representation for the
mode launcher is given in Fig. 7(a) for the bilateral
launching configuration, where the wave incident from
the wave source on the metal waveguide side of the
T-junction launches surface waves in both directions of
the dielectric image guide. In Fig. 7(b) the representation
is given for the unilateral launching configuration where
one side of the dielectric image line is short-circuited in a
half wavelength distance from the slot launcher.

It may be assumed that for narrow slots (b<A) the field
distribution of the slot discontinuity is very similar to that
of the slot in the resonator configuration treated in Sec-
tion II. Thus in Fig. 7 the slot discontinuity is represented
by the slot impedance Z,.

The launching efficiency 7 is the ratio of the power P,
launched on the dielectric waveguide and the total power
P, delivered to the slot. Using Fig. 7 the bidirectional
launching efficiency n,; can be derived as

T Pe  1+1/(R,/Z,,)

while the unidirectional launching efficiency 7,,; yields

Ton 1 3

SwW

Py 1+1/(2R,/Z;,)"

Nuni =

The derived expression for the bilateral launching ef-
ficiency 7,; can be seen to be identical to the normaliza-
tion for the slot radiation resistance used in Fig. 6. Thus
Fig. 6 is a plot of the bilateral launching efficiency 7,;. As
can be seen from (2) and (3) the unilateral launching
efficiency 7,,; is higher than the bidirectional launching
efficiency m,;. This important result has been found for
other mode launching configurations too [6].

In Table I the optimum achievable values (hVe,, /
Ao=0.4) of both efficiencies are listed for three different
values of the dielectric constant ¢,,. It can be seen from
the table that the unidirectional launching efficiency is
about the square root value of the bidirectional launching
efficiency. The absolute values of the unidirectional
launching efficiency are equal to or better than the ef-
ficiencies measured for conventional metal waveguide horn
launchers (usually in the order of —0.5 dB to—1.5 dB,
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Fig. 8. The measurement setup used for the experimental determina-
tion of the launching efficiency.

TABLE 1
THE CALCULATED OPTIMUM BIDIRECTIONAL AND
UNIDIRECTIONAL SLOT LAUNCHING EFFICIENCIES FOR VARIOUS
RELATIVE PERMITTIVITIES OF THE DIELECTRIC IMAGE LINE

€2 Mbi Al

uni

12 -0.48 dB -0.25 dB
S -1.05 dB -0.56 dB
2.22 1-2.26 dB ~-1.28 dB

depending on the horn length and flare) or other types of
mode launchers [6].

B. Experimental Verification

For the experimental verification of the theoretically
calculated launching efficiencies a measurement setup
sketched in Fig. 8 was used. Here, the T-junction consists
of a dielectric image line terminated by an absorber load
on one side and a horn transition to a metal waveguide
detector on the other side. The slot in the ground plane is
excited via a waveguide channel milled into the ground
plane block. To achieve a match at the slot plane and to
tune out reflections from the stepped impedance trans-
former of the waveguide channel an EH-tuner was em-
ployed at the input flange. Furthermore the transmission
losses of the channel and of the horn transition were
measured separately. The ratio of the excited surface wave
power 2P, and the total incident power P, =2P, +P,,
was measured for several low-permittivity dielectric image
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Fig. 9. The measured and calculated bidirectional launching efficien-
cies of a slot mode launcher versus the normalized height of the
dielectric image lines. Several dielectric image lines of low permittivity
(€,,~2.3) and of variable height & were employed in the experiments.
The half-width /height-ratio (w/k) of the lines was X: w/h=1, A:
w/h=3, O: w/h~S5, []: w/h=10.

guides of normalized height 0<A Ve,, /A, <0.5.

The bidirectional launching efficiency 7,; was calcu-
lated using u,; =2 P,,, /P, and was plotted together with
the theoretical predictions in Fig. 9. As can be seen,
agreement is good, especially for those guides having the

optimum normalized height near - Ve,, /A, =04.

1V. Circurr ELEMENTS

Besides employing the described slot structure as a
mode launcher several other applications in dielectric
image line circuits can be realized. The slot structure
could house, e.g., semiconductor devices or a movable
short circuit for tuning and matching purposes. Perhaps
the most appropriate application would be in periodic
structures (stopband filter) or in dielectric image line slot
array (or leaky-wave) antennas. In periodic structure
stopband filters a large number of grooves in the ground
plane are arranged equidistantly along the dielectric image
line (distance about one half guide wavelength). The
bandwidth of the filter can be controlled through the slot
impedance, i.e., by choosing the depth and width of the
grooves. In slot array antennas a number of grooves are
arranged below the dielectric guide with the distances of
the grooves greater than one half guide wavelength to
produce a beam in the upper half space. In order to
realize a prescribed aperture distribution along the length
of the antenna the groove depth s can be varied so that
the slot radiation resistances R, of the individual slots are
shunted by reactances of variable magnitude.

In a first experimental slot antenna for 60 GHz a
smooth variation of the groove depth was chosen as
indicated in Fig. 10. The distances of the 31 slots were
about 2/3 of a guide wavelength without variations to
compensate for the phase variations due to the reactive
parts in the slot impedances. 30-mm long transverse
grooves were milled into a brass ground plane using a
circular saw blade of 0.3-mm width. The dielectric guide
of 3-mm by 0.8-mm cross section was cut from a
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Fig. 10. Sketch of the experimental 60-GHz dielectric image line slot
antenna with the measured and the predicted radiation patterns in the
E-plane of the antenna.

RT /Duroid substrate and fixed to the ground plane using
a thin film adhesive. The dielectric image line was excited
through a horn mode launcher with a piece of absorbing
foam in the mouth of the horn in order to attenuate the
direct radiation from the launcher.

The measured and calculated H-plane radiation pattern
of the slot antenna is also given in Fig. 10. The agreement
of the experimental and the theoretical pattern is satisfac-
tory considering the approximate nature of the used basic
slot equivalent circuit and the fact that the phase variation
due to the variable slot reactances is not compensated in
the design of the antenna.

It was found that the length of the antenna was overde-
signed since about 90 percent of the incident power is
radiated by the first 23 slots. Thus a much shorter antenna
could be realized with the same properties as the present
one. Also, there are some major sidelobes in the measured
radiation pattern at near endfire angles which are pro-
duced by direct radiation from the horn launcher. These
lobes can be reduced by using a larger foam absorber to
load the horn mouth.

V. CoNCLUSION

In this paper slots in the ground plane of the dielectric
image line were investigated as mode launchers or discon-
tinuity circuit elements. Surface waves can be excited
through a metal waveguide terminating in a slot in the
ground plane of a dielectric image line. The slot equiva-
lent circuit representation is approximately calculated
using a planar resonator model. It is found that the slot
discontinuity can be represented by a T-junction of the
dielectric image line and a metal waveguide. The radiation
losses are represented by a resistance bridging the junc-
tion. The launching efficiency is found to increase with
the dielectric constant of the dielectric image line, exhibit-
ing a maximum value for guides of slightly smaller height
than half a wavelength in the dielectric medium. The
measured and calculated launching efficiencies of low
permittivity dielectric image lines are found in good agree-
ment.

Grooves can be employed as discontinuity circuit ele-
ments. As an example a dielectric image line slot antenna
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using transverse grooves in the ground plane beneath the
dielectric guide is presented. The measured radiation pat-
tern of the experimental antenna exhibits satisfactory
agreement with the predicted pattern. Critical points in
the antenna design are the need for a compensation for
the slot reactances and the dimensions of the absorber
used to reduce the endfire radiation from the mode
launcher. Several other applications of the proposed slot
structures in dielectric image line are possible, such as
filters or semiconductor circuits.

APPENDIX

THE RESONATOR EIGENVALUE EQUATION

The fields of the resonator of Fig. 2(c) are derived from
E7-potentials to describe the fundamental TM-mode
characteristics of the slot discontinuity. The series expan-
sion of the potential functions in the three field regions
are

I_ % km \ -
= > F.cos| =y Je "=
k=0 !

= kgiocos(k—;ry)[Bkcos(szz)+B,’csin(szz):|
= ISOH,,COS(%71 )sin((z+s),8,,,) (A.1)
where
ot
ke, = (klﬂ )2"' 5
k2, = ("bw) + (A2)

and ky=2w/Ay=2m/cy f=wavenumber of free space.
The E, -field strengths and the transversal H, - and E, -field
strengths can be derived from the potentials using well-
known methods, e.g., [7].

The amplitude coefficients F;, B,, B;, and H, have to
be chosen in such a way that the continuity conditions for
the tangential fields are satisfied. For the plane z=# this
condition leads to the well-known eigenvalue equation for
the TM-modes on the dielectric slab guide

S(k)-B, +S'(k)- B} =0 (A3)
with
S(k)_ b h)+esin(B, k)
§'(k)= ’3 ) —€,5c08 (B h)

for all k=0,1,2,---

A zero of the term S(k) is the resonance condition for
an even TM-mode (i.c., a mode with E, 0 in- plane
z=0), whereas a zero of $’(k) is the resonance condition
for an odd TM-mode (i.c., a mode with E, =() in plane
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z=0). The coupling of even and odd modes and the
coupling of the fundamental modes with higher order
modes is caused by the slot in the conducting ground
plane as is shown in the following.

In the plane of the slot z=0 the continuity condition
for the electric field strength is

EII={E;", y<b
> o, y>b

This condition is satisfied employing the least squares
method, e. g [7] and leads to

2 Hn z2nSin(anS)6k
b nw
. COS| —
fyes(
with

5. = { 1, for k=0
12,  fork#0and k=0,1,2,---
For the tangential magnetic field strength the continuity
condition is

(A4)

szl
)cos(k—;Ty) &y (AS)

HY=g™M  y<b (A.6)

which again is satisfied using a least squares condition
and for all n=0,1,2,--- leads to
€2

H =
" €3Bn cos(Bz,,s )b

szSfcos( )cos( )ay (A7)
with .
ae(l e

The construction of the eigenvalue equation for the com-
plete resonator structure is best performed using matrix
formulation of the derived continuity conditions. Equa-
tion (A.3) can be written as

S-B+§-B'=0 (A.8)

where § and § are diagonal matrices with S(k) and S’(k)
as the diagonal elements and B and B’ are the amplitude
vectors. Analoguosly, (A.5) can be written as

B=R-H
and (A.7) converts into

H=0-B. (A.10)
The mode coupling in the disturbed resonator can now be
described by inserting (A.10) into (A.9)

(A9)

B=R-Q-B'=P-B (A.11)
where P=R-(, and inserting (A.11) into (A.8)
(§-P+5§)-B'=0 (A.12)

Equation (A.12) is the eigenequation of the disturbed
resonator. §” represents the uncoupled eigenmodes of the
undisturbed resonator (if s=0), while the product S-P
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describes the effect of the slot discontinuity, i.e., the
coupling of the eigenmodes of the undisturbed structure.
The eigenvalues, i.e., the resonance frequencies of the
resonator are found if the eigenvalue equation

det(S-P+§)=0 (A.13)

is satisfied, that means if the zeros of the system determi-
nant are found.
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Propagation Properties of a Planar Dielectric
Waveguide with Periodic Metallic Strips

KAZUHIKO OGUSU, MEMBER, IEEE

Abstract— A dielectric waveguide with periodic metallic strips suitable
for millimeter-wave and submillimeter-wave integrated circuits is analyzed
by a rigorous formulation. The accuracy of the solution of our analysis can
be systematically improved by increasing the size of the matrix associated
with the eigenvalue equation. Stopband properties are numerically pre-
sented as a function of the spacing and width of metallic strips and

- dielectric profile. It is found that there is a difference in the stopband
properties of TM and TE modes. Experimental results for the band reject
filter are also presented to verify the validity of our analysis.

I. INTRODUCTION

IELECTRIC periodic structures have been applied
to many devices in integrated optics, such as filters
[1], [2}, input and output beam couplers [3], [4], and
distributed feedback lasers [5]. At millimeter and submilli-
meter wavelengths too, they can be applied to devices
similar to those in integrated optics. Although a few
investigations have been reported [6], periodic structures
have not yet been widely used in millimeter-wave and
submillimeter-wave integrated circuits. v
The purpose of the present paper is to determine the
propagation properties of a planar dielectric waveguide
with periodic metallic strips as shown in Fig. 1. This
periodic structure can be easily and accurately fabricated
by existing printed-circuit techniques for microstrip mi-
crowave integrated circuits and is suitable for millimeter-
wave and submillimeter-wave integrated circuits. The
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Fig. 1. Geometry of the dielectric waveguide with periodic metallic

strips. Regions 1, 2, and 3 correspond to a cover (air), guiding film,
and substrate, respectively.

propagation properties are characterized by the film thick-
ness, width and spacing of metallic strips, dielectric pro-
file, and operating frequency. We restrict the discussion to
the stopband phenomenon applicable to band reject filters,
since the scattering properties. of similar periodic struc-
tures with metallic strips are discussed in several articles
and texts [7]-[9]. The theoretical analysis is essentially the
same as the spectral domain approach [10], [11], which is a
powerful tool for the analysis of striplines.

The width and center frequency of the stopband and
attenuation constant at the center frequency are numeri-
cally presented as a function of the width and spacing of
the metallic strips and dielectric profile. It is found that
there is a difference in the stopband properties of TM and
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