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Broadband Overlaid Inset Dielectric
Guide Coupler with Very Flat Coupling

Z. Fan, Member, IEEE, and Y. M. M. Antar, Senior Member, IEEE

Abstract— In this paper overlaid parallel coupled inset di-
electric guides are proposed for breadband applications to di-
rectional couplers. This structure provides much flatter and
higher coupling than the conventional one without an overlay.
The propagation and coupling characteristics of the coupled
guides are obtained by using the integral equation formulation
and Galerkin’s procedure. Numerical results for two limiting
cases are compared with available measured data, showing good
agreement. Effects of thickness and dielectric constant of the
overlay are examined on coupling and bandwidth. It is found
that by suitable choice of these parameters very flat coupling
can be achieved for a wide frequency range which is still within
the fundamental-mode bandwidth. Examples of couplers with the
bandwidth exceeding 45% for the coupling of 3 + 0.25 dB are
presented. ’

1. INTRODUCTION

UE TO several advantages of inset dielectric guides

(IDG’s) over image guides and microstrip lines, var-
ious IDG structures have recently been investigated both
experimentally and theoretically, and some of their practical
applications to microwave and millimeter-wave circuits and
antennas have been demonstrated [1]-[4]. Studies of the aspect
ratio and multilayer dielectric filling of the single IDG have
shown that the one-layer structure can offer wider bandwidth
than a rectangular waveguide and two-layer one may have very
wide bandwidth exceeding that of a ridge waveguide [5]. It has
been also demonstrated that optimum flat coupling between
two parallel coupled IDG’s exists for a certain value of the
aspect ratio [6]. Using single and coupled IDG’s, different
components such as directional couplers have been developed
and analyzed by using several rigorous full wave methods
including the transverse resonance diffraction technique and
spectral domain approach. Through combining the single IDG
with microstrips, both strong and weak directional couplers
have been realized [7]. Two parallel coupled IDG’s can be also
used to design directional couplers. Very low return loss and
high isolation for this kind of couplers have been demonstrated
experimentally, but the electromagnetic coupling has been
found to change significantly with increasing frequency [8]
[9]. To compensate for this frequency dependence, holes in
the metal separation walls have been proposed to be used
to introduce additional coupling mechanism [10]. However,
the use of these holes increases the fabrication difficuity, and
accurate modeling of the hole coupling is complicated.
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Fig. 1. Cross section of the overlaid parallel coupled inset dielectric guides
and coordinate systems used in the analysis.

In this paper, the use of a dielectric layer over the parallel
coupled IDG’s is proposed to increase the coupling and
to achieve very wide band for the flat coupling. This new
structure as shown in Fig. I can be viewed as a modification
of conventional coupled IDG’s by reducing the height of a
metal separation wall for the case of a; = 2as + 8. With
reducing the height, the interaction between guides becomes
stronger, and therefore the coupling is increased, resulting in a
shorter section length for 3 dB coupling which is desirable for
the design of small circuits. Further, the coupling becomes
much flatter over a wide bandwidth. With their potential
applications for wideband flat coupling, the overlaid parallel
coupled IDG’s are analyzed here by using a rigorous full-
wave method based on the integral equation formulation and
Galerkin’s procedure. Numerical results for various structural
and material parameters are presented, and effects of the
overlay on the propagation and coupling characteristics are
illustrated.

II. ANALYSIS

Fig. 1 illustrates the cross-sectional view of the overlaid
parallel coupled inset dielectric guides and two coordinate
systems to be used in the analysis. In the following analysis,
time and z dependence e’(“*~%2) will be omitted for the sake
of brevity, where § is the propagation constant. Integral equa-
tions for tangential electric field components at two apertures
are first obtained by using Fourier transforms and then solved
for propagation constants by employing Galerkin’s method.
Finally, the simple expressions for scattering parameters are
given.

Due to the symmetry of the structure with respect to the
z = 0 plane, the structure is capable of supporting both
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odd and even modes, and hence only the right-hand half of
the cross section need to be considered for the analysis. By
definition, the mode is called odd when E, is an odd function
of z and the mode is called even when E, is an even function
of z. Electromagnetic field components can be represented
through their Fourier transforms.
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and similarly for other field components. In the above equa-
tions, the tilde ~ denotes Fourier-transformed components.
Discrete transform variables «1,, and as,, are determined satis-
fying the electric field boundary conditions on the sidewalls of
the overlay and the right-hand groove. oy, = 2n7 /a1, (2n +
1)7/ay (n =0,£1,42,--.) for the F, odd and even modes,
respectively. as, = nw/as, which is divided into two parts:
a3, = 2nm/as and af,, = (2r + 1)7/ay. The superscript o
denotes one part of the fields inside the right-hand groove with
the tangential electrical field components E? and E being
odd and even functions of z’ respectively; e stands for the
other part with ES and E? being even and odd functions of
z' respectively.

The wave equations in the Fourier transform domain are
now solved in each region with the application of the boundary
condition at the base of the right-hand groove and the radiation
condition at infinity. The modal amplitude coefficients in each
region are then obtained in terms of the tangential electrical
field components E?, E® at the y = 0 interface and EY =
E° + E¢,E® = E° + E¢ at the y = —hy interface. Next,
the relations between tangential magnetic and electric field
components at these two interfaces are obtained, and can be
expressed in the following matrix form
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where the Fourier transformed Green’s functions [P,] and
[R;] (4 = 0,1,2) are 2 x 2 matrices, and are given in the
Appendix. For the E, odd modes
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For the F, even modes, cos and j sin in the above equation are
replaced by j sin and cos . The Fourier transforms of tangential
electric field components at these two interfaces are obtained
as follows:
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Note that 9F%(z)/dz and E2*(x')/0z’ are used instead of
E%(z) and E2°(z') because they satisfy the same bound-
ary and singular edge conditions as EZ%(z) and E°(z'),
respectively. As a result, in the Galerkin’s procedure the basis
functions for dE%(z)/0x and OEQ*(x’)/0x" can be chosen
to be the same as those for E%(z) and E.;°(z'), respectively.

Transforming (4), (5), and (6) into the spatial domain, and
applying the continuous conditions for the tangential magnetic
field components at the y = 0 and y = —h, interfaces, we
can obtain the following integral equations
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Integral equations in (12) are solved for the propagation
constants of discrete modes by applying Galerkin’s procedure,
where E2(z) and E2°(z') are expanded in terms of basis
functions. Here Gegenbauer polynomials are chosen as basis
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functions since their weight function fits the singularity of
order 7~(/3) at the rectangular metal corners, as discussed
in [1].

Since there are two parallel grooves coupled tightly by
connection with an overlay, there exists a certain frequency
range over which only the first £, even and odd modes can
propagate. In this range the characteristics of these two modes
can be used to realize a directional coupler, where the coupling
occurs in the © “~ard direction. For this coupler with length of
L, the transmission and coupling coefficients can be obtained
from the difference between the propagation constant 3. of
the dominant even mode and that 3, of odd mode [11]

cos (ﬁ%&L)\
sin (ﬂ—%ﬁL> ‘

The coupling length for a 3-dB directional coupler Lzqg is
given by 7/2(8. — ).

|S21] = (13)

|S31] = (14)

III. RESULTS

The convergence of solutions for propagation constants
has been tested with different number of basis functions.
It has been found that five basis functions for E7 . and
three for £5? can be used to achieve accurate solutions for
propagation constants of both F. even and odd modes to five
significant digits, and for their difference to three significant
digits for all the structural parameters used in this paper. To
verify the accuracy of the analysis presented in the previous
section, computed results for two special cases where hy or ha
approaches zero are compared with measured data available
in the literature. When h; approaches zero, the overlaid
coupled IDG’s are reduced to the conventional coupled IDG’s,
propagation constants and coupling coefficient of which were
measured and reported in [8] and [9]. Comparison of our
computed results with these measured data is shown in Fig. 2.
Clearly, very good agreement is obtained for propagation
constants of the dominant F, even and odd modes. There is
also reasonable agreement for the coupling coefficient. When
hgo approaches zero, the overlaid coupled IDG’s are reduced
to a single IDG. Propagation constants of the first even and
odd modes for this single guide were measured and reported
in [5]. In Fig. 3, these measured data are compared with our
computed results for this limiting case. Again, good agreement
is obtained for the propagation constants.

Effects of variation in the value of the height A; of the
overlay on propagation and coupling characteristics are inves-
tigated first. Fig. 4 shows normalized propagation constants of
the dominant E, even and odd modes for different values of
h1. During the frequency range shown here, as A increases,
normalized propagation constant of the dominant even mode
increases. On the contrary, the effect of changing h; on the
dominant odd mode is very small. This may be explained by
the the fact that the x = 0 plane is a magnetic or electric wall
for the F, even and odd modes, respectively. As expected,
when h; increases, the difference between propagation con-
stants of the dominant E, even and odd modes increases due
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Fig. 2. Comparison of propagation constants for the dominant E. even
and odd modes and their coupling coefficient of the 250 mm coupled IDG
section with the measured data reported in [8] and [9] for the case where hy
approaches zero. (a1 = 22.02 mm, £,1 = &r2 = 2.04.ay = 10.16 mm.
h = 15.24 mm, s = 17 mm).
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Fig. 3. Comparison of normalized propagation constants for the first E;

even and odd modes of the coupled IDG with the measured data re-
ported in [5] for the case where hy approaches zero. (a3 = 10.16 mm,
&r1 = &pz = 2.04,a3 = 4.58 mm, h = 15.24 mm, s2 = 1.0 mm).

to more interaction between these two guides. As a result, the
coupling increases and hence the length required for the 3 dB
coupling is reduced. This can clearly be observed in Fig. 5,
which shows difference between the propagation constants of
the dominant F, even and odd modes and length for the 3-dB
coupling as a function of frequency for different values of ;.
It is more interesting to note that as h; increases, the difference
between the propagation constants of the dominant F, even
and odd modes becomes flatter over this frequency range. This
results in flattet coupling. To clearly illustrate this, in Fig. 6
coupling coefficient |Ss;]| of the dominant F. even and odd
modes of the coupled IDG section is shown as a function
of frequency for different values of hy. For A1 = 0.1 mm,
The coupling |Ss1| changes rapidly as frequency increases.
In fact, the coupling at lower end of the frequency range is
about 3.5 dB higher than that at higher end. However, as h1
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Fig. 4. Normalized propagation constants of the dominant E; even and odd
modes as a function of frequency for different values of hy (a; = 16.02
mm, €,1 = £p2 = 2.04,a2 = 7.16 mm, h = 15.24 mm, so = 1.7 mm).
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Fig. 5. Difference between the propagation constants of the dominant
E, even and odd modes and length for the 3-dB coupling as a
function of frequency for different values of hy (a1 = 16.02 mm,
€r1 = &2 = 2.04,a0 = 7.16 mm, h = 15.24 mm, so = 1.7 mm).

increases up to 2.65 mm, the coupling decreases at the lower
end and increases at the higher end, respectively. Therefore
flatter coupling is achieved. Fig. 7 shows scattering parameters
of the dominant £, even and odd modes of the coupled IDG
section as a function of frequency for h; = 2.65 mm. It can
be seen that the flat coupling is obtained for a wide range
of frequency. For L = 139 and 141 mm, we can obtain
the bandwidth of 35% (from 7.93 to 11.33 GHz) and 46%
(from 7.55 to 12.05 GHz) for the coupling variation of £0.15
dB and £0.25 dB, respectively. It is also important to note
that for that bandwidth, all the higher order modes are cut
off, as seen from Fig. 8 which shows normalized propagation
constants of the first and second E, even and odd modes as a
function of frequency for two different values of h;. When hy
is increased to be higher than 2.65 mm, further improvement
in the coupling flatness will be achieved, but the second F,
even mode will begin to appear in the above-mentioned latter
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Fig. 6. Coupling coefficient of the dominant E, even and odd modes of
the coupled IDG section as a function of frequency for different values of
h1 (a1 = 16.02 mm, ;1 = &,2 = 2.04,a2 = 7.16 mm, h = 15.24 mm,
s9 = 1.7 mm, L = L3gg at 10 GHz).
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Fig. 7. Scattering characteristics of the dominant £, even and odd modes
of the coupled IDG section as a function of frequency for 1 = 2.65 mm
(ay = 16.02 mm, 71 = €72 = 2.04,a2 = 7.16 mm, h = 15.24 mm,
so = 1.7 mm).

band. It has been found that if the width ao of each guide is
reduced, the cutoff frequency of the second E, even mode gets
higher, resulting in the wider fundamental-mode bandwidth,
Therefore, by further increasing h; along with the reduction
in ag, the useable bandwidth for the 3 £ 0.15 dB or 3 £ 0.25
dB coupling, during which only first £, even and odd modes
can propagate, will be further increased. In comparison to
the directly connected image guides, this overlaid coupled
IDG’s offer wider band for the flat coupling, but without the
propagation of higher-order modes during the band. In [12],
directly connected image guides were studied for flat coupling,
the bandwidth of as high as 28% for the 3 £ 0.25 dB coupling
was achieved, but the first higher-order mode can propagate
in this band.

Effects of changing the dielectric constant e, of the overlay
are also investigated. Fig. 9 shows difference between the
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Fig. 8. Normalized propagation constants of the first and second E.
even and odd modes as a function of frequency for different values of
h1 (a1 = 16.02 mm, .1 = &9 = 2.04,a2 = 7.16 mm, h = 15.24
mm, so = 1.7 mm).
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Fig. 9. Difference between the propagation constants of the dominant E.,
even and odd modes and length for the 3-dB coupling as a function of
frequency for different values of -1 (@1 = 16.02 mm, hy = 0.53 mm,
ero = 2.04,a9 = 7.16 mm, ho = 14.71 mm, s = 1.7 mm).

propagation constants of the dominant E, even and odd modes
and length for the 3-dB coupling for different values of £,;.
As e, increases, the difference increases, and hence due to
stronger coupling the length for 3 dB coupling decreases.
When ¢, is small, the difference decreases with increasing
frequency. But, when ¢,; is large, the difference increases
with increasing frequency. Therefore, with suitable choice of
er1, very flat coupling can be achieved. In fact, the curve for
er1 = 6.0 is seen to be very flat. Fig. 10 shows scattering
characteristics of the dominant F, even and odd modes of the
coupled IDG section as a function of frequency for £,; = 6.0.
For L = 165.2 mm, we can obtain the bandwidth of 49%
(from 7.0 to 11.5 GHz) for the coupling variation of £0.15
dB. For L = 167.0 mm, the bandwidth of as high as 62%
(from 6.7 to 12.75 GHz) can be achieved within the tolerance
of +0.25 dB from the 3 dB coupling.

From a practical viewpoint, choice of the width s» of the
metal separation wall is also important to achieve the required
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Fig. 10. Scattering characteristics of the dominant E. even and odd
modes of the coupled IDG section as a function of frequency for
er1 = 6.0 (a1 = 16.02 mm, 3 = 0.53 mm, ¢ro = 2.04,a2 = 7.16
mm, hg = 14,71 mm, s = 1.7 mm).
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Fig. 11. Difference between the propagation constants of the dominant £,

even and odd modes and length for the 3-dB coupling as a function of sy for
different values of hy (gq1 = €r2 = 2.04,a2 = 7.16 mm, h = 15.24 mm,
ay = 2az + s2, f = 9.5 GHz).

coupling for a specified length. Fig. 11 shows the difference
between the propagation constants of the dominant ¥, even
and odd modes and length for the 3-dB coupling as a function
of s2. As so increases, the difference decreases because the
fields decay from the center of each guide. As a result, the
length for 3 dB coupling increases. To obtain high coupling
for a small guide section, sz should be chosen to be as small
as possible in the actual implementation.

IV. CONCLUSION

The overlaid parallel coupled IDG’s have been proposed
in order to reduce the coupler length for the 3 dB coupling
and to flatten the coupling over a wide frequency range.
The integral equation formulation and Galerkin’s procedure
have been used to analyze the characteristics of this struc-
ture. Good convergence for propagation constants have been
demonstrated and the accuracy of the analysis has been verified
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by comparison with available experimental results for two
Jimiting cases. Numerical results for propagation and coupling
characteristics have been presented for various structural and
material parameters. As the thickness and dielectric constant
of the overlay increase, the coupling increases due to stronger
interaction between two parallel guides, however the cutoff
frequency of the first higher-order mode decreases. It has been
found that there are optimum values of these two parameters
for the maximum useable bandwidth, during which a certain
tolerance limit for the coupling is met and only first E,
even and odd modes can propagate. The bandwidth for two
examples has been shown to exceed 45% under the tolerance
limit of +0.25 dB of deviation in coupling from 3 dB. The
new guide coupler with broadband flat coupling characteristics
should be very useful for microwave and millimeter-wave
integrated circuits.

APPENDIX
The quantities in (4), (5), and (6) are given by

pl=_ L[ #Ci=ohDi  —enf(Ci+ D)
L2 Chzn + 52 amﬁ(Cz + Dz) aiZnCi _ ﬂZD
(15)
-1

]{i P — I%' |

) Cosh(%-hi)[ ] (16)
where i = 0)172, and
—J%i

= — |

“ wito tanh(y;hy) an
__TJweosri

Di= 7; tanh(vy;h;) (18)
v =od + - w oEocr. (19)

Note that when ¢ = 0 for the air region, tanh(voho) and
cosh(vyphg) are replaced by 1.
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