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Abstract—A new structure for an NRD-guide directional cou-
pler is developed. This structure combines two NRD guides and

a dielectric slab guide in order to utilize a leakage mechanism
for coupling. The coupling depends on this leaky mechanism,

but not on field interactions as in a conventional proximity cou-

pler. A theoretical formula is presented, The field along the

NRD guide and the decay constant are measured at Ku band
(35 GHz) and compared with the theoretical data. Reasonable

agreement exists between the measured data and theoretical
data.

I. INTRODUCTION

A necessa~ component for many millimeter-wave sys-

tems is a directional coupler, which can distribute

power at a specified ratio between two waveguides. The

coupling mechanism of a conventional proximity coupler

is due to the interaction of the exponentially decaying field

between the two waveguides, and hence the coupling is

sensitive to the gap distance and the length of coupler.

Many authors have studied coupling characteristics of

the conventional couplers for different dielectric wave-

guide structures by using the coupled mode theory devel-

oped by Miller [1]. Marcuse [2] provided an approximate

but accurate expression for the coupling coefficient of di-

electric waveguides. Arnaud provided a formula just in-

volving the line integrals. This formula has been shown

to be identical with Marcuse’s formula, but is easier to

apply [3]. Yoneyama and Nishida have proven that this

expression also is valid for a conventional NRD-guide

coupler [4].

In many applications, strong coupling ( <6 dB) is nec-

essary. For a conventional coupler, the gap distance for a

strong coupler is not easily realized. This problem be-

comes more serious at higher frequencies at which struc-
tural dimensions are smaller. Many methods have been

proposed to solve this problem, such as change of dielec-

tric materials or use of sophisticated circuit configura-
tions. Nevertheless, this problem cannot be solved effec-

tively and economically,

Oliner and Peng [5], [6] have written two companion

papers that discuss the leakage phenomena in detail; a rig-
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orous mathematical formulation in Part 1, and the physical

effects of leakage of dielectric waveguide in Part II. Leak-

age phenomena take place in many different dielectric

waveguides and transmission line structures. Many stud-

ies about this topic have been carried out. Usually, the

leakage phenomena can cause a problem in millimeter-

wave and microwave circuit design. On the other hand, it

is possible to make use of such phenomena to realize novel

components.

A novel directional coupler that depends on leaky waves

was suggested by Oliner and Peng [7]. Because the cou-

pling is dependent on the leaky wave, the physical sepa-

ration between two waveguides to be coupled is not a

dominant factor. This leaky wave coupler can be realized

easily by an appropriate design. A leaky wave coupler

was first realized by Yoneyama and Nishida [8]. This

coupler was made of two inverted strip dielectric wave-

guides coupled through a multimode waveguide between

them. Miller’s theory of coupling [1] was applied to ana-

lyze this coupler, and the solution was transformed by a

complex contour integral into an expression which clearly

reveals the leaky wave contribution.

The nonradiative dielectric waveguide (NRD guide) is

a newly proposed dielectric waveguide [9]. The NRD

guide has an interesting feature in that the discontinuity

can be made reactive rather than resistive. The design

equation can be obtained by rigorous analysis. Combining

the leakage concept and NRD guide structure, a new di-

rectional coupler is proposed in the present paper. It con-

sists of two NRD guides coupled through a dielectric slab

between them,

In this paper, two different variations of this structure

have been made and measured, For the first structure
[Fig. 1 (a)], the space between the upper and lower metal

plate is filled. For the second structure [Fig. 1(b)], a die-

lectric slab guide with a partial height is placed between

the two NRD guides. Good performance can be obtained

for the first structure. A theoretical deviation for the decay

constant is presented for the first structure by using the

coupled mode theory. Finally, the measured data are

compared with the theoretical data. Agreement between

the measured and theoretical data is found reasonable.

II. THEORY

For a coupler involving two monomode guides coupled

by a multimode guide, the field intensity in the primary
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Fig. 1. (a) Cross-sectional view of the first structure of NRD-guide leaky
wave coupler. (b) Cross-sectional view of the second structure of NRD-
guide leaky wave coupler.

guide and in the secondary guide can be written as [8]

UP = exp (–c@O(z) – 2a(.z – 27r/A13)

o [1 - CY(Z - 27r/Afl)] exp [-CY(Z - 27r/A13)

–j27r(& – ~)/A~]6(z – 27r/AP) + - “ “

(1)

u, = –2a(z – ~/A@) exp [–cx(z – ~/AP)

–.i~(~o – iO/APIO(z – 7r/A(3) + “ “ “

(2)

~ = ~*C:/A~ (3)

Z1 = r/Afl (4)

where r3 is the step function, CYis the decay constant, and

Z1 is the field build-up distance in the secondary guide. In

the derivation of this equation, the phase constant in the

NRD guide is assumed to be (3 (monomode guide) andl the

phase constants in the slab guide are assumed to be dis-

tributed uniformly with an interval A ~ around (30 (multi-

mode guide). Furthermore, a constant coupling coeff-

icient between the two modes, one in the NRD guide and

another in the slab guide, is assumed. If the coupling coef-

ficient CC and A f? can be obtained, the decay constant can

be calculated by (3).

For the first structure of this coupler, the coupling coef-

ficient between the NRD guide and the slab guide (as

shown in Fig. 2) is the same as the coupling coefficient

of a conventional NRD-guide coupler with an asymmetric

structure. By means of the perturbation theory, Marcuse

[2] provided an approximate but accurate expression to

calculate the coupling coefficient of a conventional cou-

pler. This formula involves a surface integral over the

cross section of dielectric waveguide. A formula just in-

volving line integrals has been derived by Arnaud [3],

based on Lorentz’s reciprocity theorem and perturbation

theory. These two formulas were proven to be, in fact,

identical, although Arnaud’s formula is much easier to

use than Marcuse’s formula, Arnaud’s formula for the

coupling coefficient can be written as

c: = c2/PaP~ (5)

where

~

a

c= 1/2 (&Y&, + &ZHbY – EbYH – &Y&Y) dy
o

a

H

m

Pa = dy & (Ea X Ha..2)
o —m

a

H

m

Pb = dy ah (E~ X Hb..t).
0 -m

In (5), f denotes the unit vector along the z direction,

(Ea, Ha) are the fields in the slab guide in the absence of

the NRD guide, and (Eb, Hb) are the fields in the NRD

guide in the absence of the slab guide. The quantity C can

be interpreted as being the field interactions between the

NRD guide and the slab guide. Pa and pb are the power

in the NRD guide and in the slab guide, respectively. By

using Arnaud’s formula for the asymmetric structure (as

shown in Fig. 2), the equation of coupling coefficient be-

tween any two LSM modes, one in the NRD guide and

the other in the slab guide, can be written as

Cc = ~ exp – [(pa + pb)8/2] (6)

where

.-”



2128 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 41> NO. 12, DECEMBER 1993

bb b, metal plate
- I

di
,r

-gf2- bb -gt2 g12 g12+ b.

Fig. 2. Structure of asymmetric coupler for calculating coupling

coefficient.

In the above equations, g is the gap distance, b. is the

width of the slab guide, and bb is the width of the NRD

guide; also, 6., qa, and pa (and fib, qb, and Pb) are the

propagation constant, the transverse phase constant, and

the transverse decay constant in the slab guide (and NRD

guide).

When coupling occurs (B. = ~J, the phase constants

q., p., and ~. in the slab guide are equal to qb, pb, and pb

in the NRD guide. Equation (6) can be simplified to

Cc = K exp ( –pg) (7)

where

K = c,p2q2/(fl -)

r-l = [(q2 + C:p2) (pbJ2) + (p2 + ~) 6,]

r2 = [(qz + e~p2) (pbb/2) + (p2 + q2) ~,]

where ~, p, and q are the propagation constant, the trans-

verse phase constant, and the transverse decay constant in

both {he NRD guide and the slab guide,

mined by the characteristic equations.

q tan (qbd/2) = e,p

/ +p2 = (6, - l)kg.

and are deter-

(8)

(9)

When the width of the slab guide (bJ is large enough,

there exist the following relations:

6A(3 + qAq = O (lOa)

Aq= –;. (lOb)
a

Therefore, A ~ can be described as

A(3 = mq/(DbJ.

By using (3), (7), (10), the expression

can be written as

CY = [26~p3 q3 exp (–2pg)] /

{[(e, - 1)2(3] [k: + (Cr +

where

(1OC)

of decay constant

l)p2]tl} (11)

tl = {e,k; + [k~ + (C7 + l)p2]pbb/2].

Note that the decay constant in (11) is independent of

the width of the slab guide. This implies that the coupling

is not modal coupling, but it occurs through a leaky wave

coupling.
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Fig. 3. Dispersion curve of the leaky wave in the slab guide and dispersion
curve of dominant mode in NRD guide.
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Fig. 4. Structure of measurement for the leaky wave coupler.

III. MEASUREMENT SETUP AND DISPERSION CURVE

Two different variations of this structure have been

made and measured (see Fig. 1). For the first structure

(fully filled structure), the space between the lower and

the upper metal plates is completely filled by Teflon with

Cr = 2.04 a = 4 mm, b~ = 60 mm. For the second struc-

ture (partially filled structure), a dielectric slab with c, =

2.04, a = 4 mm, t = 2.4 mm, b. = 60 mm is placed

between the two NRD guides with ~, = 2.04, a = 4 mm,

b = 3.5 mm. Both LSE and LSM modes can exist in the

slab. The LSMO ~ mode is the dominant mode in the NRD

guide, where the mode indexes refer to x and y directions

in order. Due to the similar field distribution, the LSM

modes in the slab guide have a larger contribution in the

total coupling than the LSE modes. In the present case,
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Fig. 5. (a) Field intensity of primag’ NRD guide for the first structure

g = 1.5 mm. (b) Field intensity of primary NRD guide for the first struc-

ture g = 2.0 mm.

the phase constant of the leaky wave can be written as

(12)

where u is the height of the NRD guide and q is the trans-

verse phase constant in NRD guide. The meaning of this

formula is that the total effect of leakage can be regarded

as a leaky wave propagating along the incident angle (Oi~C)

in the slab. The theoretical dispersion curve of the leaky
wave (Es /ko) in the slab guide and the dispersion curm

of the dominant mode (LSMO, 1) in the NRD guide are

shown in Fig. 3.

The setup of the experiment for leaky wave coupling is

shown in Fig, 4, There are two semi-rigid coaxial cables,

each with one end connected to an HP 8510 network ana-
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Fig. 6. Theoretical and experimental decay constants versus gap
distances.

lyzer, and the other end without any connector (just keep-

ing the center conductor as a probe). The probes are placed

at a small fixed distance from each side of the NRD guide.

Each cable is fixed onto an adjustable sliding table. The

sliding table can move smoothly along the primary and

secondary NRD guides with the minimum interval of 0.5

mm. By using this experimental setup, the field intensity

along the NRD guide can be measured. In order to reduce

the reflected waves, the’ end of the slab is tapered and the

resistive films are placed at the end of the NRD guides.

The field build-up distance ZI is the distance indicating

the position where the leaky wave first reaches the sec-

ondary guide with an angle 6i~C. From (4) and ( 10b), the

field build-up distance is given by

Z1 = x/A@ = fib./q (13)

where b. is the width of the dielectric slab, and D and q

are the propagation constant and the transverse phase con-

stant for the NRD guide. The incident angle Oi.C folr the

leaky wave (as shown in Fig. 4) can be obtained by

tan (0,.,) = ba /zl (14)

where Z1 is the field build-up distance and b~ is the width

of the slab guide. For the first structure, the field build-

up distance is 38.3 mm and the incident angle is 57.40.

IV, DECAY CONSTANT AND COUPLING

The amplitude of the first term of (1) can be regarded

as an expression of the field intensity along the primary

NRD guide. The field intensity al (z) can be described by
the following equation [8]:

al (z) = exp (–az) (15)

where a is the attenuation constant and z is the distance

along the NRD guide. Wlien expressed in decibels, a

straight line can be obtained for the field intensity. The
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Fig. 7. (a) Field intensity of secondary NRD guide for the first structure
g = 1.5 mm. (b) Field intensity of secondary NRD guide for the first stmc-

ture g = 2.0 mm.
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measured curves of the first structure with different gap

distances g (g = 1.5 mm and g = 2.0 mm) are shown in

Fig. 5 (a) and (b), In these figures, the field decays as z

increases. Although there are ripples in these curves, a

straight line can be obtained by curve fitting. Then, the

experimental decay constant can be determined from this

straight line. By using the theoretical decay constant com-

puted from (11), the theoretical curve can be plotted in

the same figure.

The theoretical decay constants for different gap dis-

tances are presented together with experimental data in

Fig. 6. The difference between theoretical data and ex-

perimental data is about 10-15%. By considering our ex-

perimental setup, we concluded that the difference is

mainly a result of inaccuracy in alignment between the
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Fig. 8. (a) Field intensity of primary NRD guide for the second structure

g = 1.5 mm. (b) Field intensity of primary NRD guide for the second
structure g = 2.0 mm.

NRD guide and the slab guide, such as the small error

existing in the gap distance between the NRD guide and

the slab guide, as well as the distance between the probe

and NRD guide not being parallel. Each of the inaccura-

cies could cause considerable error in the measurement of

the decay constant.

The amplitude of the first term of (2) can be regarded

as an expression of the field intensity along the secondary

NRD guide. The field intensity a2 (z) can be described by

the following equation [8]:

a2(z) = 2a(z – zJ exp (–u(z – Zl)) (16)

where a is the decay constant and Z1 is the field build-up

distance in Fig. 4. We evaluated a2 (z) from(16) by using

the decay constant a obtained by curve fitting and calcu-
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Fig. 9. (a) Field intensity of secondary NRD guide for the second structure

g = 1.5 mm. (b) Field intensity of secondary NRD guide for the second
structure g = 2.0 mm.

lated from (11). The measured field intensity curves of

the first structure with different gap distances are shown

in Fig. 7 (a) and (b). In each figure, the measured data,

the curve fitting line, and the theoretical curve are pre-

sented, Good performance of the coupler can be obtained.

V, DISCUSSION

For the second structure, the measured field intensity

and the curve fitting data along the primary and secondary
NRD guide with different gap distances are shown in Figs.

8 and 9. In comparing Fig. 5 with Fig. 8, we note that

there are larger ripples in these curves for the second

structure than for the first structure. The reason is that

there is a better match in the field distribution between the

NRD guide and the dielectric slab guide for the first struc-

ture, because no larger discontinuity exists between the

NRD and the dielectric slab guide.

In Fig. 9, there exists a big difference between the

measured and the curve fitting data for the second struc-

ture. Agreement is much better for the first structure, as

seen in Fig., 7. There are two reasons for the larger ciis-

crepancy between the curve fitting ‘and measured curves

for the second structure. First, the large discontinuity be-

tween the NRD guides and the slab guide may affect

smooth energy transition. Second, according to (lliner

[10], [1 1], the NRD guide with an air gap between the

metal plate and the dielectric strip will radiate very easily.

Radiation can be generated in this vertically asymmetric

structure. On the other hand, for the first structure, there

is a better match in the field profile between the NRD

guide and the slab, and furthermore, the radiation is less

likely to be generated in a fully filled structure. Hence,

the curve fitting data are much closer to the measured clata

in this case.

VI. CONCLUSION

This paper described, a new structure for an NRD guide

directional coupler, This new structure combines 1.WO

NRD guides and a dielectric slab. Because the coupling

is due to the leakage mechanism and not to the interaction

of the field, the distance between the two NRD guides is

not critical, although the two NRD guides and the slab

guide must be arranged in parallel. This leaky wave cou-

pler can be manufactured more easily,

A formula based on the coupled mode theory for the

calculation of the decay constant has been presented. Two

different variations of this leaky wave coupler have been

demonstrated. The field intensity along primary and sec-

ondary NRD guides and the decay constant have been

measured and compared with theoretical data. Reasonable

agreement exists between measured and theoretical data.
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