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Trapped Image Guide for Millimeter-Wave

Circuits

TATSUO ITOH, SENIOR MEMBER, IEEE, AND BERND ADELiSECK

Abstnrcf-A novel dielectric waveguide is proposed for we in rnWfme-

ter-wave integmted eireui@ and n sfmple anafyais for dispemion chameter-

Iatfca is developed. Nurnericaf results agree reasonably with meamred data.

Radiatfon 1osae9 of this waveguide at curved sections are proven to he

Cor@derably Iem than those of the fmage guide. As an application of this

wavegui* a leaky-wave radfator tom been tested.

I. INTRODUCTION

R 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 maybe allevi-

ated by the use of materials 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 dielectric integrated circuits. l%e 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) h 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 is to machine a trough in a dielectric

material followed by a metal plating.

Actual Ku-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
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Fig. 1. Cross section of the trapped image guide.

(w
Fig. 2. Trapped image guide structures.

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 is desired. Two

transitions are provided for connecting the setups to con-

ventional rectangular metal waveguides. Each of these

transitions includes a semiconical horn originally designed
for image guides (Fig. 2 without side walls) and tapers on

the metal side walls to provide smooth transition to the

trapped image guide. In what follows, we provide an

approximate theoretical analysis of waveguiding char-
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acteristics in the trapped image and the results are com-

pared with experimental data. Some experimental investi-

gations on the radiation loss characteristics at the bend

are reported. An application of this waveguide as a

frequency-scannable leaky-wave radiator is included.

II. ANALYSIS OF THE PROPAGATION

CHARACTERISTICS

The complete field components in the straight section

of this waveguide may be derived from two field compo-

nents

EY =
()

L P*-$ +’
Ei(y)

() a2
HY= /32—— qh

ax2

(1)

(2)

where ei is the relative dielectric constant in each con-

stituent region in Fig. 1, ~ is the propagation constant,

and +’ and @hare two scalar potentials. Since the structure

is very similar to the image guide, we classify guided

modes into Ey and E’ types. In the former Ey and HX are

predominant field components and we neglect HY by

setting @h= O. Next, we assume that the metal wall height

h is reasonably large and the electromagnetic wave is

reasonably well guided, Then, it is possible to neglect the

fields in Regions 7 and 8 in Fig. 1. This assumption allows

us to mathematically increase h to infinity. When this is
done, we can divide the cross section into three vertical

regions: 3 and 5, 1 and 2, and 4 and 6. We will apply the

method of effective dielectric constants (EDC) to this

hypothetical structure [3], [4]. The EDC, ce~ of the central

region (1 and 2) for the vertically polarized (E y ) modes,

may be obtained from

where ky is the solution to the eigenvalue equation

(3)

(4)

Equation (4) is obtained by matching HX -+’ and E= -

1/~i(y) &$e/ay at the interface y = b for a hypothetical
slab structure realized by letting a approach infinity. The

EDC’S for 3 and 5, and 4 and 6 regions are assumed to be

one.

Next, we replace the hypothetical structure with another

hypothetical one, consisting of a vertical slab of width 2a

and dielectric constant ce~ sandwiched between air re-

gions of width c which are in turn terminated by vertical
metal walls at x = A (a + c). Notice that we now have a

vertical two dimensional structure which is closed in the

sideward direction. By solving the eigenvalue equation of

this final hypothetical structure for the phase constant kX

in the slab region, we obtain the propagation constant of

the guided mode from

(5)

FREQUENCY (GHZ )

Fig. 3. Theoretical and experimental dispersion characteristics.

The method presented above is only an approximation.

It is expected that the results are accurate at higher

frequencies where the field is well guided. However, at

lower frequencies, the results are less accurate because

then the field extends to the Regions 7 and 8, and the

assumption that h is infinite no longer applies.

Some numerical results are plotted in Fig. 3 on which

experimental data are also indicated. In the computation,

the value of c was varied and dispersion characteristics

calculated. Also, the results for the ordinary image guide

(c~co) are included. It is noticed that all the results for

the trapped image guide approach those for the image

guide at higher frequencies because most of the energy is
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 k.)

faster than the image guide case. The smaller the value of

c, the more pronounced the effect of the walls is. Actually,

it is expected that the true value of ~ should be larger than

the computed one near the cutoff, because there our

assumption that h is infinite no longer holds. Such is

clearly indicated by comparison between computed and

experimental results for c= l-mm case in the 25-30-GHz

range. We also notice that all other experimental data

qualitatively agree well with theoretical 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 is in the

experimental process which is 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 image 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-

acteristics are almost unaffected by the trough over 27-

40GHz if c= 4mm. For smaller c values, the transmission

loss increases at lower frequencies. This is because of

larger scattering at transitions due to larger differences in
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Fig. 4. Transmission loss in trapped image guides: the length between
the transitions is 20cm.

~ 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 c.

III. 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 63.7 mm (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-+ co) and trapped image guides of c = 2

and 4 mm. In the two latter cases, we also removed the

inside walls of the trap, as we believe the radiation at the

bend is 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 transmission characteristics of a curved section are

plotted in Fig. 5. It is noticed from the figure that, at

lower frequencies where the effect of the trough is more

pronounced, the transmission characteristics of the image

guide are improved except for the c= 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 c. =2-mm curve. Since c. =4-

mm case is indistinguishable on the graph, only c =4-mm

case is shown. Notice that the transmission characteristics

in Fig. 5 include the scattering loss at transitions from the

image 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 in 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 is generally quite small (less

~---—---------l 5
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Fig. 5. Transmission loss in a curved section of the trapped image
guide.
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Fig. 6. Radiation loss from a curved section of the trapped image
guide.

than – 20 dB) and its characteristics do not depend on the

different arrangement of the dielectric waveguide. This

fact dictates that most of the energy scattered in the

dielectric waveguide section is radiated and is 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 is not possible, we

tried to receive the energy radiated at the bend most

strongly. To this end, we placed a standard gain horn at

about 5 cm away from the outer wall of the image guide

wall location. The axis of the horn is on the radius of

curvature intersecting the midpoint of the curved section.

Therefore, the horn is looking at the setup in a symmetric

manner.

Fig. 6 shows the frequency characteristics of the radia-

ted power captured by the horn. Only the results for

c= 4-mm case and the image guide case (c~co) are plotted
to avoid crowded drawings as in the other cases, i.e., c= 2,

Ca= 2, and Ca= 4 mm gave results similar to those for

c =4-mm case. At lower frequencies, we see considerable

reduction in radiation by the presence of the trough walls.

It is, however, not possible to quantitatively 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.
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Fig. 7. Computed and measured (x) main beam direetion.

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 I~~/kO I <1 where k. is the free space wavenumber and

&= ~ + 2n~/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

eM=sin-l (:+% (6)

Usually, n is taken to be – 1. It is seen from (6) that OM 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

~(0)= ~ sin(N*/2) 2

N2 sin(+/2)
(7)

rj=kOdsin13-&d (8)

where N is the number of grating elements.

We developed an antenna from the trapped image

guide with Cr=2.56, a= b=2mm, h=4mm, c=4mm. The

grating period was taken as d= 5 mm 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 Ku band. The negative values of 0~ imply that the
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Fig. 8. Radiation pattern.

antenna is backward firing. The differences in theory and

experiments are mostly less than 2°. Fig. 8 shows a typical

E-plane (yz-plane) radiation pattern. The pattern is a bit

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 levels computed by

the simple theory above resulted 6° (at – 3 dB) and

– 13.5 dB 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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