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Design of Broad-Band Dielectric Waveguide
3-dB Couplers

PERTTI K. IKALAINEN AND GEORGE L. MATTHAEI, FELLOW, IEEE

Abstract —1It is shown how 3-dB couplers with bandwidths on the order
of 30 percent can be designed by appropriately taking advantage of the
dispersion and the frequency dependence of coupling per unit length
between two dielectric waveguides with asymmetrical cross sections. Theo-
retical methods for computing frequency responses of such couplers are
discussed. It is shown how the phase response can be simply compensated
to give approximately symmetrical-coupler-type or “magic tee” coupler-
type phase-difference responses over comparable bandwidths. Experimen-
tal results confirming theoretical calculations are presented.

I. INTRODUCTION

ARIOUS RESEARCHERS have treated the problem

of designing dielectric waveguide (DW) hybrids (i.e.,
3-dB directional couplers) for millimeter-wave applications
(see, for example, [1]-[5]). Most designs presented so far
have been based on coupling between two identical dielec-
tric waveguides. The bandwidths achieved in such couplers
are generally small to moderate, while wider bandwidths
may be desirable in many applications of hybrids, such as
balanced mixers. Means for achieving broader bandwidths
have been demonstrated in {1} and [5]. In [1}, a connecting
dielectric layer was added between coupled image guides
to give wide bandwidth. Very wide bandwidths were also
obtained in [5] by using a totally different approach, i.e., a
beam-splitter type design. However, the method of [5} may
be inconvenient in practice because a layer having a specific
dielectric constant different from that of the guides is
required. Also, the methods in [1] and {5] tend to give
relatively low directivity. Yet another possible approach to
wide-band hybrid design would be the tapered velocity
coupler principle, [6]-[10]. However, a serious drawback of
the tapered velocity couplers is that they have to be very
long, several tens to hundreds of wavelengths, which makes
them large and lossy.

We have investigated 3-dB directional couplers where
coupled guides with unequal cross sections are used to
obtain large bandwidths. It was found that the maximum
level of coupling between such guides varies so that at
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lower frequencies more power is allowed to be coupled and
the coupling length which is required for this maximum
coupling to take place is less than at higher frequencies.
Broad-banding is achieved by making use of these effects.
The technique was developed by studying coupling be-
tween asymmetrical (semi-infinite) slab guides, but be-
cause the qualitative behavior of coupling for many types
of DW’s is similar to that of slab guides, this method
should have potential for use with many different types of
DW’s. Our experiments showed that good results are ob-
tainable at least with image guide. These couplers are
relatively easy to fabricate, give large bandwidths, and
maintain excellent directivity.

In this paper, we discuss the basic principles of oper-
ation of such couplers. We also discuss two different
(approximate) theoretical methods for computing fre-
quency responses for such couplers: the conventional cou-
pled-mode approach and a normal-mode analysis (an ex-
tended “odd- and even-mode” analysis). Although these
two methods are related and give similar results, both are
presented as they augment each other in giving additional
insight into the coupling process. ‘Finally, experimental
results are presented which show good agreement with
theoretical calculations.

II. PRINCIPLE OF OPERATION

It is well known [11] that if two uniformly coupled,
lossless DW’s have the same propagation constant, all the
power propagating in one guide can be transferred to the
other if the coupling region is long enough. In a conven-
tional, symmetrical DW coupler (where full power transfer
is possible) 3-dB coupling is achieved by choosing the
length of the coupler so that half of the power fed into one
guide becomes coupled. The bandwidth of such couplers
tends to be small because the power is rapidly transferring
from one guide to the other as frequency is changed, and
this effect is enhanced by dispersion. On the other hand, if
the propagation constants of two coupled guides differ,
only partial power transfer can occur. In particular, one
might design a coupler so that at maximum, exactly half of
the power becomes coupled. Then the coupled power
versus coupler length is flat (has zero first derivative) at the
design frequency and it would appear that bandwidth
should be improved. We calculated frequency responses
for some slab-guide couplers of this sort. The propagation
constants were made to differ by making the widths of the
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Fig. 1. Coupled power versus distance (normalized to wavelength in air)
at various frequencies. For the length L shown, we get close to 3-dB
coupling over a wide band of frequencies. The dimensions of the
coupled guides are as shown in Fig. 3.

two slabs different from each other, and the spacing be-
tween them was chosen so that maximum coupling was
3 dB at the design frequency. We found that, contrary to
our expectations, such designs were not significantly more
wide-band in terms of frequency than the conventional
symmetrical coupler although there was slight improve-
ment. This was then attributed to the fact that DW’s are
dispersive and the coupling strength between two DW’s is
generally strongly frequency dependent.

Fig. 1 shows curves of coupled power versus distance at
various frequencies in an asymmetrical slab-guide coupler
(operating in the lowest order TE mode) for one particular
case. These curves were obtained using a mode-superposi-
tion theory to be discussed in Section III. The characteris-
tic feature of asymmetrical coupling that only partial power
transfer can occur is readily apparent from Fig. 1. Note
that after the maximum transfer has occurred, the power
starts to couple back to the first guide and would all be
coupled back if the coupler were long enough, and the
cycle would then repeat. Two facts about the appearance
of the curves in Fig. 1 are worth noticing. First, the level of
maximum coupling is a relatively strong function of
frequency. Second, the location of maximum coupling
varies in, perhaps, an unexpected way with frequency. As
can be seen from Fig. 1, it takes a longer length at higher
frequencies for the maximum coupling to take place, while
simple first-order theory ignoring the variation of coupling
with frequency would predict exactly the opposite.! These
observations can be qualitatively explained from the cou-

'An analogous phenomenon can be observed in conventional symmetri-
cal DW couplers where the coupled power typically decreases with
increasing frequency (see [2] and [4]).
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TABLE I
ExXaMPLES OF UNIFORM, ASYMMETRICAL SLAB-GUIDE COUPLERS
AND CORRESPONDING THEORETICAL BANDWIDTHS

£ ty d L band
0.45 )| 0.50 | 0.45 | 21.5 | 9.3to 11.1
0.40 | 0.50 | 0.30 | 10.0 | 8.9to 11.6
0.35| 050 | 0.20 | 6.1 | B.4to 12.6
0.30 | 0.50 | 0.15 | 4.4 | 7.2t0 12.8

t, and ¢, are the widths of the guides, d is the spacing between them,
and L is the length of the coupler, all in inches. The diclectric constant is
2.25. The column “band” indicates the theoretical bandwidth (in GHz)
for 1-dB unbalance between the outputs.

pled-mode theory point of view (to be discussed briefly in
Section III). At low frequencies, the evanescent fields of
the modes in the two guides extend out relatively far and
strongly interact; thus, the guides are strongly coupled.
Conversely, at high frequencies the coupling is weaker
because the evanescent fields between the guides decay
more rapidly.

While the above-mentioned phenomena usually tend to
make DW couplers narrow-band, we found that a proper
design can benefit from these effects and wider band-
widths are possible. Fig. 1 illustrates this point. The guide
dimensions and spacing have been chosen such that at the
lower end of the band appreciably more than half of the
power is transferred to the second guide, while the coupler
length is adjusted so that at the far end of the coupler the
excess power has coupled back to the first guide. Then, at
the upper end of the band, the maximum coupling drops
down closer to 3 dB, while owing to reduced coupling per
unit length in this frequency range, the point of maximum
power transfer moves approximately to the far end of the
coupler. It can be seen from Fig. 1 that curves covering a
wide range of frequencies all pass close to the level of one
half for the length L shown giving wide-band 3-dB cou-
pling. The required degree of asymmetry and spacing to
obtain this kind of coupling do not seem to be critical.
Table I shows some results calculated for uniform slab-
guide couplers (using the mode-superposition theory). The
approximate center frequency of these designs is 10 GHz
because our experimental work was performed in that
range. The third example of Table I corresponds to the
case shown in Fig. 1. The designs in Table I were obtained
by first choosing the guide cross-sectional dimensions #;
and ?,, then choosing the spacing d so that at 10 GHz the
maximum coupling was about 65 to 70 percent, and finally
choosing the coupler length L so that at the far end of the
coupler the excess power coupled at lower frequencies will
have coupled back to the other guide. It appears from
Table I that the more there is asymmetry, the more band-
width can be obtained. However, very large asymmetries
are not feasible because of considerations such as higher
order modes if one guide is very wide, or radiation from
curved parts if the other guide is very thin. Also, for large
asymmetries, a small spacing between the guides is re-
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quired. For small spacings, the theory used to calculate the
results in Table I becomes less accurate.
In the foregoing discussion, it has been assumed that the

guides are uniformly coupled, while an actual coupler, see.

Fig. 2(b), for example, must include curved line segments
as well. There, the length of the uniformly coupled part
has to be adjusted to compensate for the extra coupling in
the curved sections, but the basic principles giving the
broad bandwidth remain the same. The preceding discus-
sion was also limited to slab guides. In our studies, we
have considered the problem of coupled dielectric slab
guides because the mode field solutions, which are needed
for the coupler analysis, are then easily obtainable in
closed form [12]. The appropriate eigenvalue equation can
also be written in closed form [12] and can be solved using
standard numerical root-finding techniques. In order to
check our slab-guide theoretical results experimentally, we
have used dielectric waveguide with ground planes on both
top and bottom (see Fig. 2(a)) for which the lowest order
modes are exactly the same as the TE modes of slab
guides. However, while the slab guide or the kind of DW
shown in Fig. 2(a) is not very practical for actual millime-
ter-wave applications, the results for slab waveguides are
believed to show qualitative trends of behavior which are
applicable for a large class of DW’s. This is supported by
the widely used effective dielectric constant (EDC) ap-
proximation [13], which says that guides such as image
guide, for example, behave approximately as slab guide
with some effective dielectric constant. It is also supported
by our experimental results, which showed that a coupler
which was designed entirely on the basis of slab-guide
calculations gave good results in'image-guide configuration
after the spacing between the guides had been experimen-
tally adjusted.

III. APPROXIMATE METHODS FOR COMPUTING

" FREQUENCY RESPONSES

Fig. 2 shows a sketch of an asymmetrical coupler we
designed. In order to compute frequency responses for
such structures, we needed a method to analyze the sec-
tions where the guides are curved and tapered in width.
We chose a simple approximation which is often used in
similar situations: these curved coupled guides were di-
vided into small segments which were analyzed as being
uniformly coupled and parallel. Such segments were then
connected in cascade to form the complete structure.
Several ways to define the separation between these ele-
mental sections in this kind of an approach have been
proposed {3], [4], [14]. We chose to measure the separation
simply as the linear distance between the guides, per-
pendicular to the straight part (see d(z) in Fig. 2(b)). For
a coupler such as that shown in Fig. 2(b), where a signifi-
cant part of the coupling occurs in a straight center
portion and where large radii of curvature are used, dif-
ferences between different ways of measuring the distance
are small. For a more accurate treatment of the curved
guides, one might consider, e.g., the coupled-mode formu-
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Fig. 2. (a) Cross section of the type of DW used in our experiments. (b)
Top view of a coupler with the top plate removed (not to scale). The
dimensions shown are R=13.6),, /; =1.90A,, /,=1.93X,, and /; =
length of taper = 2.30A,, where A, is wavelength in air. The widths
and spacing of the guides in the center part ate as shown in Fig. 3.

lation of [15], which was specifically developed for cou-
pling between curved guides.

Two different methods for analyzing the uniformly cou-
pled parallel-guide segments were considered: Miller’s cou-
pled-mode theory [11] and a normal-mode analysis. Both
are approximations that work best in the limit of loose
coupling. They also have a close relationship and give
similar results. However, their points of departure are very
different and they stress different aspects of the coupling
process.

A. Coupled-Mode Theory

Coupled-mode theory has been applied to a variety of
problems in addition to directional couplers and it has
been treated extensively in the literature (see, for example,
[11] and [16]-[18]). The coupled-mode equations appear in
many different forms in the literature. We used the equa-
tions

dE, . )

E‘ =— JB.E, + jeE, (1a)
dE

_d‘f = — JB,E, + jecE, (1b)

to describe the coupling. Here, E, stands for the normal-
ized wave amplitude in guide i,i=1,2, so that |E;|* gives
power traveling in guide i; B, and B, stand for the
propagation constants of guides 1 and 2, respectively, in
the absence of coupling; ¢ is the coupling coefficient; and
j=v—1. Solutions to these equations corresponding to
different boundary conditions are readily derived. How-
ever, finding the coupling coefficient for a given geometry
of coupled guides is a difficult problem and has been
discussed by several authors (see, for example, [19]-[21]).
In this work, we used [21, eq. (14)] to evaluate ¢ in terms
of the known fields of the uncoupled modes of the two
guides.
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B. Analysis by a Superposition of Normal Modes

The other method we have considered for analyzing the
parallel-coupled segments of DW’s (which form the com-
plete structure when connected in cascade) is an extension
of the well-known odd- and even-mode analysis commonly
used for symmetrical couplers. The basic idea is to use a
superposition of the two lowest-order normal modes of the
coupled waveguide system (not the modes of the isolated
waveguides, as in the coupled-mode theory) to represent a
situation where one of the guides is driven and one is not.
The coupling arises from interference (beating) between
these two modes with differing propagation constants.

It should be realized that the notion of driving only one
guide is not well defined. Consider Fig. 2(b). At the far
left, the guides are identical and fairly far apart. In this
region, if the guide at port 3 is driven while port 1 is not,
this excitation is modeled quite well as the sum of an odd
mode and an even mode of equal amplitudes whose fields
add at port 3 and cancel at port 1. However, near the
center of the coupler, where the guides are relatively close
to each other and the cross section is quite unsymmetrical,
the “odd-like” and “even-like” modes are similar to the
solid lines in Fig. 3 (which were computed for the indi-
cated slab-guide example). In this case, it is less clear how
a superposition of these two modes can result in all of the
power being in one guide and no power in the other.
Indeed, since the fields are extensive and unsymmetrical in
the region between the guides, it is unclear how power
should be attributed to one guide or the other. However,
for a simplified theory, a division of power between the
two guides is attractive because then we can treat the
segments of coupled guides as simple four-port networks,
One way to define the relative mode amplitudes in the
superposition would be to minimize the power, defined in
the usual Poynting vector sense, over the cross section of
the nonexcited guide, as was done in [22]. One difficulty in
such an approach is that one has to define a “boundary”
between the guides, and in the general case of asymmetri-
cal coupled guides it is not at all clear where such a
boundary should be located. In [22], the boundary was
defined to be midway between the two guides, which may
work well for slightly asymmetrical guides but not neces-
sarily for more general cases.

We developed an approximate theory by adopting a
simplified definition for “power carried in each guide.”
(Note that any theory holding on to the idea of “one guide
driven” for the case of tightly coupled DW’s is an ap-
proximation anyhow, as was discussed above.) Consider an
uncoupled DW and a guided mode traveling along it.
There exists a constant of proportionality G, akin to the
characteristic admittance of a transmission line, such that
the power carried by the guide is given by

P=GE}, (2)
where E_ . denotes the maximum magnitude of the trans-
verse electric field. Note that in this respect not only the

point of maximum electric field but any other point of
reference in the guide or even outside it would serve
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Fig. 3. The solid lines show mode shapes (E, versus x) for the two
lowest order TE modes. The dotted line shows a superposition of these
modes which represents driving only the wide guide. The dimensions
shown are 1, = 0.296A, 1, = 04230, d=0.169A,, and €, = 2.25.

equally well; only the value of G would be different. This
idea of defining power in a guide based on a knowledge of
the magnitude of the transverse electric field at one point
was applied to coupled guides. However, now the outcome
of the analysis depends on where the point of reference is
chosen to be. The point where the electric field of the
uncoupled mode attains its maximum seems like the most
meaningful. We have found that this definition leads to
results that are consistent, at least in the case of slab
waveguides, with both the coupled-mode theory and ex-
periments, as will be shown. In our slab-guide case (Fig. 3),
the formulation is simple. The TE modes have only the y
component (i.e., vertical component) of the electric field
and the fields have, of course, no y dependence. The
electric field of the uncoupled mode (lowest order) attains
its maximum at the center of the guide. So let the centers
of the two guides be at x, and x,, respectively, and let the
transverse mode patterns of the even-like mode and odd-
like mode be EJ(x) and EJ(x), respectively. Power car-
ried by guide / is assumed to be given by the magnitude
squared of the total transverse electric field at x, multi-
plied by G;:

P,=G|E:(x,)+ E2(x,)] (3)

Let the two modes be excited with the following ampli-
tudes:
even-like:

Eye(x1) =E,
odd-like:
Ey"(xl) =-E,.

Power fed into guide 1 is then zero, in the sense of (3). The
dotted line in Fig. 3 shows an example of such a superposi-
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tion. Note that the fields add to zero at the center x; of the
left guide. For a lossless coupler, we can enforce conserva-
tion of energy to hold, which allows us to derive an
additional relation between the variables. First, define
ratios «¢ and a° by

_E(a)
Es(x;)

e, 0

(4)

Then, find the total power (with initial amplitudes at z =0
as defined above) and require it to be constant versus z;
this leads to

2
Py (z) = GllEoe_jBez +(— Ep)e

e ino 2
+G,|aEye 5 + a(— E,) e "

dPtot Gl
= O e e
dz G,

—oaa

where B¢ and B° are the propagation constants of the
even-like and odd-like modes, respectively. Note that
a’<0. ‘

Let us now write expressions for wave amplitudes E;
and E, at some arbitrary z under the conditions that the
power fed into guide 1 at z =0 is zero and the power fed
into guide 2 at z=0 is unity. In addition, let the wave
amplitudes be normalized so that the power carried by
guide i is given by |E,|%

E\(z) = \/G—l(Eoe_jpez - Eoe_jﬂoz)
E,(z)= \/G—z(aeEOe_fBez - a"EOe_jBo’)

where
1

TG (ot —a?)’

After some manipulation and applying (5), we arrive at

e e—B" . .
E1(Z)=—2j1‘{f;esin(ﬁ 5 Z)e—J(B +B2/2 (6a)

E,(z)= [cos('ge;'goz)

+ 1o sin L
J1+pe 2

E,

z ) ] e JBHB2/2 (6b)
where

pi=——. (M

Equations (6) allow us to analyze the coupling between
asymmetrical slab guides in terms of the propagation
constants of the odd- and even-like modes and the ratio
p¢, derived from their respective field patterns. The propa-
gation constants and the corresponding field solutions can
be obtained as explained in [12].

A well-known result from the coupled-mode theory is
that if two waveguides have the same propagation constant

(5)

625

=150°] T T T T T T T

-120° W

it
-90° ~

—60° 1 1 1 1 I 1
0.9 1.0 It 1.2

NORMALIZED FREQUENCY

Fig. 4. Calculated phase difference between ports 2 and 4 when driving
port 3 for the coupler shown in Fig. 2.

they are capable of exchanging 100 percent of their power
through coupling. In terms of our theory, p¢ of (7) should
be one for two waveguides with the same 8. We tested this
theory for consistency by calculating the maximum cou-
pling for some hypothetical coupled-guide cases. First, two
identical coupled slab guides were considered with normal-
ized thicknesses ¢, =t,=0.3A, and spacing d=0.15A,
and dielectric constant ¢, =2.25. Then, the thickness of
the other guide was reduced but its diclectric constant was
also increased at the same time so that its 8 was kept
constant. Using the same spacing d as before, the maxi-
mum coupling between the guides was calculated accord-
ing to (6). Even at considerable asymmetry with ¢, and ¢, ;
as above but with 7, =0.13A, and e, , = 3.30 (which kept
B unchanged for guide 2), the maximum coupling as found
to deviate only 0.01 dB from full power transfer. This
shows excellent consistency with the predictions of the
coupled-mode theory.

IV. COMPENSATION OF THE PHASE RESPONSE

The type of asymmetrical couplers we have been dis-
cussing do not possess any inherent constant phase dif-
ference properties between their output ports as symmetri-
cal couplers do. However, it turns out that desirable phase
properties can be achieved with a very simple phase cor-
rection. The theoretical phase difference (calculated using
our mode-superposition theory) between the outputs when
port 3 of the coupler shown in Fig. 2(b) is driven is shown
in Fig. 4. From Fig. 4, we find that in order to make the
outputs in phase, the amount of phase correction needed
at f=0.85f, would be 89.9°, while the required correction
increases as the frequency is increased. This suggests that
simply a fixed length of line could be used to achieve the
required phase shift. In fact, it turns out that when disper-
sion is taken into account, the phase shift of a fixed length
of waveguide (0.2284) ,, with the dimensions of the wave-
guide being those of the terminating guides at the ports of
the coupler) tracks the required phase correction so well
that the overall theoretical phase balance is held to within
a couple of degrees over the band shown in Fig. 4. On the
other hand, when port 1 is driven, the phase difference at
ports 2 and 4 is then fixed at 180° due to the properties of
a lossless, matched, reciprocal four-port with the symme-
tries present in the configuration of Fig. 2(b). Note that,
apart from the added length of waveguide, there is also a
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Fig. 5. Frequency response for a coupler as shown in Fig. 2 computed
using normal-mode theory (——) and coupled-mode theory (---).
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Fig. 6. A measured response for a coupler as shown in Fig. 2 and
Fig. 5.

limited control available over the phase response by vary-
ing the location and shape of the tapered section used at
both ends of the narrower guide, this can be used to
facilitate the phase compensation procedure. A 90° phase
difference is also possible by using a waveguide still longer
by a quarter of a wavelength, but then the bandwidth for a
given phase-difference tolerance is less.

V. COMPARISON OF THEORETICAL AND
EXPERIMENTAL RESULTS

We built and tested a coupler of the type shown in Fig.
2. The coupler was designed on the basis of the third
example in Table I in that those guide widths and spacing
were used in the straight center part. The required length
of the coupler, however, is different because Table I was
calculated for uniform couplers. The length of the experi-
mental coupler was fixed on the basis of frequency re-
sponse calculations where the curved, coupled guides were
modeled by a cascade of straight, uniform segments. Cou-
pling was taken into account up to the outer end of
segment /; in Fig. 2(b). Fig. 5 shows the computed
frequency responses for the final design. Sixteen segments
were used to model the curved guides in these computa-
tions. The dotted lines show results computed according to
the coupled-mode theory while the solid lines show results
from our normal-mode theory. Both methods are seen to
give very similar results.

All experiments were carried out at microwave frequen-
cies for ease of fabrication and measurement. The center
frequency of the experimental coupler was 10 GHz (i.e., in
order to convert the normalized dimensions in Figs. 2 and
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Fig. 7. Measured transmission from the input to the isolated port, and
input port return loss, both with ports 2 and 4 shorted. The solid lines
show the case where A/ in Fig. 2(b) was adjusted to give 180° phase
difference between the output ports, and the dotted lines show the 90°
case, respectively.

3 to actual dimensions, use A,=30 mm). The dielectric
waveguides used in this experiment were made of paraffin
wax (e,=2.25). Fig. 6 shows measured frequency re-
sponses. The response includes all losses of the test set,
including those of the mode launchers. Due to the material
being soft, it was difficult to maintain tight tolerances on
the mechanical dimensions of the coupler and slight varia-
tions were observed from one measurement to another.
Nevertheless, comparing the response shown in Fig. 6 with
those in Fig. 5, good agreement between theory and ex-
periments is observed. The measured 1-dB amplitude bal-
ance bandwidth is 30 percent, and the isolation of the
coupler is seen to be better than 30 dB (output ports were
terminated in low reflection loads made of absorbing
material for this measurement).

Due to the difficulties of absolute phase measurements,
we used an indirect method to check the phase characteris-
tics. The extra length A/ was added at port 2, and ports 2
and 4 were terminated with short circuits (see Fig. 2(b)).
Transmission from the input to the isolated port (3 to 1) as
well as input return loss was then measured. Fig. 7 shows
results from such measurements. The solid lines show the
case where the length A/ was adjusted to give 180° hybrid
behavior, and we see isolation in excess of 30 dB over most
of the band and high SWR at the input port. This is as
expected for a shorted hybrid having 180° phase dif-
ference. The dotted lines show the case where the length of
Al was adjusted to give 90° hybrid behavior, and we see
almost total transmission (except for the losses of the
waveguides) from the input to the isolated port while the
input port SWR remains low. This performance is con-
sistent with a hybrid with 90° phase difference. In both
cases, the exact length of A/ required for best results was
found experimentally.

We also made tests of this coupler with the top ground
plate removed, ie., in image-guide configuration. By
changing the guide separation from 0.20 in (0.169A, at 10
GHz) to 0.25 in (0.212A, at 10 GHz), we achieved the
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Fig. 8. A measured response for a coupler as shown in Fig. 2 1n
image-guide configuration. Spacing between the guides was changed to
get this response (see text).

response shown in Fig. 8. (Guide height was 0.40 in, or
0.339A, at 10 GHz.) The bandwidth for 1-dB maximum
amplitude imbalance is now 28 percent. Note that the
directivity is better than for the parallel-plate configura-
tion because a transition between image guide and the DW
with ground planes on both top and bottom was now
eliminated. Tests similar to those explained above showed
that the phase difference response can again be com-
pensated with a fixed length of guide.

We tried analyzing the image-guide structure by using
the EDC approximation but the results were poor. Yet,
qualitatively, the behavior is very similar to coupling be-
tween slab waveguides (c.f. Figs. 5 and 6). It is believed
that the operating principles and analytical methods pre-
sented above would work for image guides, and most other
types of DW as well, provided that more accurate methods
for finding the propagation constants and field profiles
were used.

VI. CONCLUSIONS

Broad-band DW 3-dB couplers can be designed by
taking advantage of the dispersion and the frequency
dependence of coupling between dielectric waveguides with
differing dimensions. While giving a bandwidth much
broader than that attainable in simple symmetrical cou-
plers, high directivity is maintained and the structure is
simple to fabricate. Means for achieving desirable constant
phase difference properties between the output ports in
asymmetrical DW couplers were also discussed.

A “staircasing” approximation was used to convert the
problem of coupling between curved guides to the problem
of coupling between parallel segments of uniformly cou-
pled guides. Two approximate methods for calculating the
coupling between these segments of asymmetrical DW’s
were discussed. The well-known coupled-mode theory is
one approach while a mode superposition analysis is an
alternative approach. Overall agreement between theory
and experiments (for the slab-guide case) was good for
both theories though there was some error in both cases.
However, as there were other approximations involved as
well (such as treatment of curved guides), it is difficult to
assess the relative accuracies of the two methods.
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Experimental results were presented for two kinds of
DW’s: a (effectively) slab-waveguide-type coupler and an
image-guide coupler. No extensive optimization techniques
were used in the design of these couplers and dimensions
and materials were chosen on the basis of convenience and
availability. It may be possible to achieve even broader
bandwidths with tighter amplitude balances by optimizing
all dimensions of a coupler. While in this work the broad-
banding technique and the methods of analysis were ap-
plied only to slab waveguides and image guides, the princi-
ples should be applicable to the design of wide-band
hybrids using many other types of dielectric waveguides as
well.
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