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Continuously Variable Directional Couplers
in Rectangular Waveguide®

M. E. BRODWINY, MEMBER, TRE, AND V. RAMASWAMY ], MEMBER, IRE

Summary—Variable directional couplers can be constructed by
placing a movable dielectric slab in the region of the coupling aper-
ture. The coupling and directivity are a function of the position of the
slab. For a two hole coupler, the change in coupling depends princi-
pally upon the variation of the field intensity at the coupling apertures.
The directivity is solely a function of the difference in phase con-
stants of the two waveguides. For a long slot narrow wall coupler,
the coupling is a function of both intensity and phase variation. Some
applications of this device to microwave measurements are described.

I. INTRODUCTION

HE PROPERTIES of directional couplers can be
Tsimply controlled by varying the amplitude of
the excitation of the coupling aperture and by
changing the difference between phase constants of the
main and auxiliary waveguides. These results can be
easily achieved by moving a dielectric slab in one of the
wave guides as shown in Fig. 1. This method of chang-
ing the parameters of the coupler is particularly ad-
vantageous since the controlling element, the dielectric
slab, is noncontacting and therefore should not exhibit
contact noise and should be capable of high power
operation. It has been found, that by suitable design,
the coupling can be increased or decreased, the direc-
tivity can be reduced to zero, and the preferred direc-
tion reversed.
An experimental and theoretical study for two com-
mon couplers, the narrow wall two hole and long slot
couplers, has been performed. Typical results for the
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Fig. 1—Geometry of the variable directional coupler.
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two hole coupler show a change in coupling of 30 db,
equal power splitting between the two directions of the
auxiliary arm, and reversal of the preferred direction
of power flow. For the long slot side wall coupler, the
coupling was varied from about —3 db to —12 db
while the directivity was changed from —20 db through
0 db (equal power division) to +4 db (reversed direc-
tion).

A theoretical analysis of the two hole coupler indicates
that the coupling is determined primarily by the varia-
tion of field intensity at the aperture. Phase variation
in the main waveguide produces only a minor effect
upon coupling. The directivity of the two hole coupler
depends solely upon the phase variation, provided
that the coupling through each hole is the same. Thus
the effects are both related to the movement of the slab
but can be made somewhat independent. In the long
slot coupler, the variation of both field intensity and
phase contribute to the change in coupling and direc-
tivity.

In this paper, we shall present the experimental re-
sults and theoretical analyses of the variable two hole
and long slot couplers and will describe some possible
applications of these devices.

11. Tae Two HoLE NaArRrow WALL COUPLER

A series of X-band measurements were made with a
variety of slab widths and dielectric constants. With
polystyrene slabs, the coupling and directivity were
determined for widths of 0.053, 0.10, and 0.21 in. A
high dielectric constant material, e,=15, with a thick-
ness of 0.05 in was also tested. The results for a low
dielectric constant slab are shown in Fig. 2. As the slab
is moved away from the side wall, the coupling in-
creases from —21.5 db to a maximum of —23.5 db. In
this region the directivity decreases rapidly from —37
db to —20 db. As the slab is moved closer to the aper-
ture, the coupling decreases again and the directivity
increases. Close to the aperture the coupling is signif-
icantly less than in the initial position. The data for
thicker slabs show essentially the same trend except
that the variation in coupling is increased. For the
0.10-in slab, the total change in coupling is 6.6 db and
for the 0.21-in sample, the change is 11.4 db. The mini-
mum directivity decreases with slab thickness. For
example, with the 0.10-in slab, the directivity de-
creases to —14 db, and with the 0.21-in slab to — 9 db.

When the permittivity is increased to e,=15.0 (Fig.
3), the shape of the curves is approximately the same,
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but the characteristics of the coupler are altered.
Initially the coupling increases and the directivity de-
creases until d/b=0.18. At this point, the directivity
1s zero and equal power is transmitted in both directions
of the auxiliary waveguide with a coupling of —34 db.
As the slab is moved farther toward the center to about
d/b=0.25, the preferred direction is reversed and the
junction behaves as a reversed coupler with C= —40 db
and d= =3 db. In this manner, the device operates as a
controllable power divider and power sampler.

The theoretical analysis consists of determining the
equations for coupling and directivity. The expression
for the coupling contains terms related to the excitation
of the holes and the phase constants in the main and
auxiliary waveguides. The directivity, however, de-
pends solely upon the phase constants. The coupling
equation is developed by considering two noninteract-
ing coupling holes spaced a distance L between centers,
and a nondirectional coupling constant .. The ratio of
the coupled field to the field in the main waveguide is
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Fig. 2—The two hole coupler with a low permittivity slab.
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where (.. are the phase constants in the two wave-
guides. The coupling constant k is assumed to be pro-
portional to the unperturbed field intensity at the point
of coupling. In the case of narrow wall couplers, the
field is the tangential magnetic field at the wall. The
desired relation however, is the change in coupling
produced by the variation in the position of the slab

or
st)]
Hz()

(81 —252)11

AC =20 IOglo [ko(

—+ 20logio |:cos (2)
where %, is the coupling constant with the slab removed
from the waveguide. This constant is multiplied by the
ratio of the field with the slab H,, to the field without
the slab H,y. As the position of the slab is changed, the
contribution to the change in coupling is 20 Log
(H./H.). The ratio is calculated by means of the
theory outlined in Appendix I and is given by (12).
The phase constant for the loaded waveguide §; is also
presented in the same Appendix (5). The calculated
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Fig. 3—The two hole coupler with a high permittivity slab.
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values of the change in coupling are presented on Fig. 2.

The directivity is obtained by summing the fields in
the reverse direction in the auxiliary guide and then
forming the ratio of field magnitudes in the forward to
reverse directions.

cos (81 — ﬁg)L/Z} 3)

cos (81 + B2)L/2

The directivity does not contain the coupling factor
and thus the result is independent of the field intensity
at the wall.

The theoretical points in Fig. 2 show excellent agree-
ment for the coupling and reasonable agreement for the
directivity. Another experimental result is that the
minimum directivity decreases as the slab thickness is
increased. This effect is explained by noting that the
variation in 3; increases as the slab thickness is in-
creased and thus the directivity of the thicker slabs is
decreased.

The experimental technique was chosen according to
the range of the observed coupling and directivity. In
all cases, the coupling was measured by placing a
matched detector on the appropriate auxiliary port and
using the detected signal level as a reference. The de-
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Fig. 4—The long slot side wall coupler with a thin slab.
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tector was then placed on the input waveguide and a
precision attenuator adjusted to obtain the same level.
For low directivity, D < —10 db, the same technique
was employed. For high directivity, the variable load
method of Schafer and Beatty [7] was used.

ITI. Tae LoNG SLor NARROW WALL COUPLER

To examine the behavior of a 3-db coupler with
variable excitation and phase, a long slot coupler was
tested with differing thicknesses of polystyrene. The
results for two thicknesses are shown in Figs. 4 and 5.
In Fig. 4, the 0.053 in thickness, the initial coupling is
—2.75 db. As the slab is moved toward the aperture,
the coupling decreases to a minimum value of —0.75 db
and then increases again. At this point, the directivity
has been increased from an initial value of —11 db to
—25.5 db. The directivity then decreases as the slab
is moved toward the aperture. When the thickness was
increased to 0.10 in (Fig. 5) the same qualitative re-
sults were obtained except that range of variation in
the parameters is increased and the preferred direction
of power flow is reversed.

The analysis of the coupling as a function of slab
position is developed by means of coupled mode theory
forzthe tightly coupled case (Appendix II). The mag-
nitude of the field in the auxiliary arm is given by (15).
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Fig. 5—The long slot side wall coupler with a thick slab.



140
2C
[(81 — B2)* + 4C2]12
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| B| =

where C is a coupling parameter assumed to vary as
H../H., and x is the effective length of the slot. The
results of a calculation of the change in coupling due to
field intensity and phase constant variation is shown in
Fig. 4. Note that the qualitative agreement is fairly
good but that the quantitative agreement is weak. We
have not been able to find a satisfactory explanation
for the discrepancy.

IV. ConNcLusiON

The principal results of this investigation of variable
directional couplers depend upon the type of coupling
mechanism. In general, the coupling is a function of
both field intensity and phase constant. For the two
hole coupler, the wvariation in field intensity is the
principal cause of the change in coupling. Both effects
are equally important for the coupling variation in the
long slot coupler. In the two hole coupler, directivity
depends solely upon the difference in phase constants.
For those apertures analyzed by means of the tight
coupled mode theory, the directivity cannot be pre-
dicted. Experimentally the directivity exhibits a de-
creasing trend with the movement of the slab; a trend
which is accelerated by increasing slab thickness.

Continuously variable two hole couplers can therefore
be designed with almost independent control of coupling
and directivity, since coupling depends primarily upon
the excitation of the apertures and directivity upon the
difference in phase constants. For example, a calcula-
tion of the change in coupling due to the change in
phase constant of the coupler in Fig. 2 shows an ex-
pected variation of 0.09 db whereas the field intensity
variation yields a result of 3.0 db. For coupled mode
devices, coupling and directivity are more closely re-
lated and trial designs are required to determine the
feasibility of a given specification.

The results of this study are also applicable to the
analysis of ferrite controlled couplers as described by
Fox, Miller, and Weiss [8]. In the reported work, only
the difference in phase constants is considered whereas
the results with dielectric slabs show that field intensity
variation may be more important in affecting the
coupling than the phase variation.

Applications of continuously variable directional
couplers include: easily varied samplers for in-line tests
of microwave apparatus, power dividing and switching.
A more unique application is in the development of re-
flectometers. For example, one form of simple reflectom-
eter can be constructed by switching the output of one
of the auxiliary arms to a crystal detector, amplifying
the signal and servoing the slab to a null position. An
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analysis shows that this position of the slab corre-
sponds to a directivity which is equal to the reflection
coefficient of the load placed upon the main arm. An-
other possible application is to apply the phase de-
pendence of the directivity of the two hole coupler to
maximize the directivity at any frequency in the
operating band.

AprPENDIX I

PuHASE CONSTANT AND FIELD DISTRIBUTION FOR THE
SLAB LOADED RECTANGULAR WAVEGUIDE

A number of analvses of this structure have been
published. Woodward [1] derived exact expressions for
the propagation constant and field distribution of a
symmetrically located slab. Montgomery, Dicke, and
Purcell [2] presented the propagation constant as a
function of slab thickness for both symmetric and
asymmetric slabs. Vartanian, Ayres, and, Helgesson
[3] discussed the symmetrically located slab from the
viewpoint of increased bandwidth and power capabil-
ity. An approximate method was outlined by Berk [4]
using variational principles.

The information required for the wvariable direc-
tional coupler is the phase and field intensity as a func-
tion of the position of the slab. We have derived exact
expressions but they are too complicated and require
computer solution. A very simple approach to this
problem for thin slabs was published by Ishida and
Mushiake [5]. The essential point in their work is to
consider the slab as a shunt admittance across the
waveguide. Since the original paper is in Japanese, we
shall outline the important steps in the development. -

Consider a dielectric slab, of thickness ¢ and length /,
placed in a parallel plane structure as shown in Fig. 6.
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Fig. 6—Geometry of the slab loaded rectangular waveguide.

The height of the slab a is the same as the separation
between the planes. The admittance is a pure imag-
inary (lossless dielectric) and is given by AI/V. Al
is the difference in displacement current caused by the
presence of the slab. With slab in position, the dis-
placement current is jwet/E. In the absence of the slab,
the current is jweit!E. The voltage V is Ea. The ad-
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mittance per unit length is therefore

y = jp = Teele = D (4
a

The implicit approximation is that the field is uniform

throughout the transverse dimension of the slab. By

means of this assumption, we need consider only the

fields in the regions on either side of the slab.

The determinantal equation is found from the bound-
ary conditions upon the fields at the slab. The as-
sumed propagation term is of the form e % where
h.=B—ja; B is the phase constant, and «, the attenua-
tion constant. The scalar Helmholtz equation is

therefore
VeH, + h2H, = 0
and
2 = k2 — k)t
k* = wlepo. (3)

The field equations in the regions denoted in Fig. 6 are

E,1 = jwuehy,dysin i,y

H, = jhh.Aisink,y

H, = hj2A,cosh,y (6)
and

Eg = — juwuohyAssin i, (b — v)

Hy = ~ jhyh,Assin by (b — y)

H,o = h2Ascos (b — y). (7

The boundary condition for these fields is that, at
y=d,
Ey = FEy=E,

Hz2 - Hzl = EzaY'- (8)

The determinantal equation is found to be
sin /1,b

Ty — .
sin sy (b — d)-sin /1,d

= — jw,uoa .

Note that the eigenvalue f, can be either real or imag-
inary, h,=£ or jn. If we restrict our interest to real
values and a lossless dielectric, the determinantal

equation becomes
£b sin £b
sin [£6(1 — (d/b))] -sin £b(d/b)

= u',uuabB. (9)

Curves of &b vs wueabB for different slab positions,
d/b, are graphed by Tetsuro and Yasuto [5]. Once
the eigenvalue has been determined for a specific slab
position, the phase constant can be found from (5).

The next problem is to determine how the field in-
tensity H.in the region of the coupling aperture, varies
as the slab is moved across the waveguide. To do this
we assume that the power flow in the slab loaded case
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is the same as in the empty waveguide. This equality
leads to the ratio of the field intensities as a function of
the position of the slab.

Let P,, be the power flowing down the waveguide
for the empty and slab loaded cases, respectively.

P() = C0A02

P, =C. 4 (10

where ., are the results of evaluating the integrals of
the Poynting Vector over the cross section of the guide.
From the field equations for the empty and slab loaded
geometry,
HZO = 202‘40
H., = £ 4, 1D

where
¢ = — sin (£0)(d/b)/sin (£0)(1 — (d/b)).

Upon equating the powers and solving for the ratio of
the fields, we find that

H, & Co
HcO 202 Cs

(12)

where it can be shown that

9

£y = — Co = tab <W>b
= = 7 Q0W, _—
0 b 0 4 Lo b 0

- {d 1,2d+g@—@gmw
= owuos {6 = §sin 26 =

— sin® &d - cot £(b — d)} .

By evaluating (12) for each position of the slab, the
relative value of the field intensity at the coupling
aperture can be determined.

AppENDIX [I
THEORETICAL COUPLING OF THE LoNG SLoT COUPLER

The coupling variation for this case was developed
from the tight coupling theory of S. E. Miller [6]. The
equations for the wave amplitude in the auxiliary wave-
guide are modified by the change in coupling produced
by the variation in field intensity at the aperture.

The principal relations for the wave in the coupled
waveguide, (22)—(24) of Miller [6], are

k
V(s — ye)? F 42

(erw — 6r2x)

(13)

E,

where

- 2+ 28) + Z ) AR
o = (vi+ v+ 28 _?\/('YI y2)? + (14)

and x is the effective length of the coupling aperture.
For the case of the long slot coupler % the coupling
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parameter is a pure imaginary, and there are no losses
in either waveguide. Thus k=jc, y1.2=7612. Upon in-
serting these conditions and solving for the magnitude
of the field in the auxiliary waveguide we find that

2C
| - —
V(B — B2)? + 4C
. (\/(61—62)2+4CZ )
Sin ) X ).

(15)

As the slab is moved across the main waveguide, both
B1 and C are affected. The phase constant is determined
by means of (5) and the change in coupling is calculated
in the following manner. With the slab at d =0, the two
phase constants are equal and the coupling is found
from |Eg =sin (yX. For each subsequent position of
the slab, C, is multiplied by the factor H../H., given
in (12).
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Millimeter Wavelength Resonant Structures”

R. W. ZIMMERERY, MeMBER, IRE, M. V. ANDERSONY,
G. L. STRINETY, anp Y. BEERS{, MEMBER, IRE

Summary—This paper discusses the construction of millimeter
wave Fabry-Perot resonators, using both planar and spherical re-
flectors. It also discusses the equivalent circuits of planar reflectors
and the method of obtaining efficient power transfer into the resona-
tors.

millimeter wave Fabry-Perot interferometers

that was started in this laboratory by Culshaw.!=5
These interferometers have become of wide interest be-
cause of their use as resonators in optical and millimeter
wave masers. These resonators have many other po-
tential uses as spectrometers, refractometers, and wave
meters.
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In the millimeter region the ratio of wavelength to
the mirror dimensions, although small compared to
unity, is much larger than in the optical region. There-
fore, diffraction losses in the millimeter region tend
to be much larger. At the same time modes are sep-
arated more widely, and it is usually possible to work
with a single mode. In the optical region mirrors are
made of semisilvered surfaces or by multilayered di-
electric surfaces. As is well known,® with such mirrors
large reflectivity is incompatible with low resonance
transmission loss. Culshaw realized that in the milli-
meter region other techniques allowing the achieve-
ment of both objectives were practical. He evolved a
scheme of drilling an array of holes in metallic sheets
and started work with metal films with photoetched
holes deposited on dielectric slabs. We have further
developed this technique and have used thin perforated
metal foils stretched on frames. This technique appears
to be the best available for use with plane reflectors.

For many applications Fox and Li” and Boyd and
Gordon® have demonstrated the superiority of con-
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