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sary to determine x from (4) and substitute its
value in (16). If Ao/D is greater than the
right-hand side of (16), side coupling is pre-
ferable; if Ao/ D is less, then end coupling will
give larger gaps.
Finally, in a practical design it is usuvally
necessary that
M oS (19)
2
in order to prevent the generation of TM
modes [7] and so minimize loss by radiation.
By rearranging (19) and replacing Ao’ by
Mo/~ One imposes a further constraint on
the permissible range of the Ao/D ratio for
end-coupled filters and for all values of
characteristic impedance:
A -
3" > 2v/er
To facilitate selection of the filter type, a
graph has been prepared with A//D as a
function of v/e- Z, (Fig. 5), incorporating (14),
(16), and (20).
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Fig. 5. \o’/D as a function of veZo
for complete bandwidth range.
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An Interesting Impedance
Matching Network

Any load impedance can be transformed
to a real impedance by a A/8 transformer
whose characteristic impedance is equal to the
magnitude of the load impedance.

The locus of a normalized load impedance,
as a function of the characteristic impedance
of the feed line, is a constant (X/R) contour
on the Smith chart. Further, a constant (X/R)
contour is a circular segment drawn through
the points zero and infinity. The point of
closest approach of any constant (X/R) con-
tour to the (Z/Z;)=1 point, minimum |T|,
takes place along a straight line drawn from
(Z/Zy)=] to (Z/Z)= —j, or A/8 away from
the real axis. Therefore, if any load is fed by a
line whose characteristic impedance mini-
mizes the magnitude of the reflection coeffi-
cient at the load, the normalized impedance
A/8 away from the load will be pure real.

Consider the matching network in Fig. 1.

3 A
—i—+3
b a
Zo Zoz2  Zgo Zoi Z <R X,
b a
Fig. 1. Load-lne impedance match,

The squared magnitude of the reflection co-
efficient at the load is given by

Ir) = | Z0 |2 = 2R1Z0 + Zw?

| Z |2 + 2R1Z 01 + Zo? @
where
Rr = Re {Z1}.
We may write
ITlP=1-25 2
where
5 = 4R1Z 0 ) 3
| ZL|* + 2R1Zo + Zo?
Then
a8
o 0 @

implies that

(| Z2|* + 2RLZ0n + Zn®) (4R1)
— (AR1Zo)2RL +2Z0) =0 (5)
or
Zy® = ] ZL ]2- 6)
Therefore, |T'|2 is a minimum if Zy
=|Zz|. Since |T'| <1, || will also be mini-
mized by the same value of Z,;.

The driving point impedance of the A/8
transformer, Z,q- in Fig. 1 is

Ry
Zoor = :T—XL— )
| Z1]
when

Zo = | Zs].

Manuscript received December 5, 1966.

Thus if the Q of the load impedance is
high,

Rr
— X
Zaa' = 2 ’ < 0
2X1Q1, X >0 €)]
where
X
Q="". ©)

i3
The impedance of the quarter-wave trans-
former in Fig. 1 may then be found from

Z01 - '\/Zaa’ZO

as is well known.

By application of the same principles, a
conjugate match between two impedances Z¢
and Z; may be accomplished in a A/2 length
of line as shown in Fig. 2, where

10)

Zn =|l[lel (11
RiRe| Z1| | Ze i
7L (20 —X0(] Zo | —X(;)] (12)
Zo = | Ze| (13)
in which
Z1 = Ri +iX5 (14)
Zg = Re + jXe. (15)

Zg=Ro+) X6 ]

Fig. 2. Source-load impedance match.-

These circuits do not constitute minimum
length solutions to the impedance matching
problem. They do provide a simple answer to
the synthesis problem in cases where fre-
quency response is not the primary concern,
as is the case in many frequency multiplier
design problems. In addition, the line lengths
involved are always known in advance. This
property has been found to be particularly
useful in microwave circuit design when the
exact value of the input impedance is not
a priori known.

DoNaLD H. STEINBRECHER
M.LT. Research Lab. of Electronics
Cambridge, Mass.

A Laminar Slow-Wave
Coupler and Its Application
to Indium Antimonide

The purpose of this correspondence is to
describe a technique for coupling energy be-
tween a waveguide mode and a semiconduc-
tor (or gas discharge) slow wave that has a
longitudinal component of microwave electric

Manuscript received Januvary 3, 1967. The research
reported here was sponsored by the Air Force Avionics
Laboratory, Research and Technology Division, U. S.
Air Force Systems Command, Wright-Patterson AFB,
Ohio, under Contract AF-33(615)-1608, and by RCA
Laboratories, Princeton, N. J.
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field. When a bar of semiconductor material
which supports such a wave is mounted as a
central inductive post in dominant mode
waveguide, the energy coupling occurs by
way of the microwave electric field existing
between the top and bottom waveguide sur-
faces. If the post is many wavelengths long
(i.e., wavelengths of the slow wave within the
semiconductor), the contributions from alter-
nate half-wavelength sections of the post will
cancel and the net coupling will result from
the last full or fractional half-wavelength in
the post. The post, viewed as a whole, is thus
coupled very poorly to the waveguide.
Consider an inductive post mounted in a
series of small-height waveguides stacked atop
one another as illustrated in Fig. 1(a). The
height of each waveguide is equal to an odd
number of half-wavelengths in the semicon-
ductor, but can have a width appropriate for
dominant mode waveguide. This post would
couple to alternate waveguides with 180°
phase difference as illustrated in Fig. 1(b). At
one end, the individual small-height wave-
guide sections could all be terminated by a
short circuit located so as to present an opti-
mum impedance at the post position. The
other (output) end of this structure could have
short-circuit terminations on alternate wave-
guides which would prevent them from cou-
pling to the output waveguide. Thus the un-
shorted small-height waveguide sections
would all couple in phase with the dominant
mode in the normal-sized output waveguide.
This would produce a voltage coupling that is
approximately N times larger than that of a
similar post in empty waveguide, where N is
the number of unshorted small-height wave-
guides. However, at frequencies removed
from that at which the individual waveguide
height d is equal to an odd number of half-
wavelengths, this phase relationship is lost
and the voltage coupling will be less. An anal-
ysis of an idealized system that considers only
the effects produced by these phase changes
shows that the voltage coupling is given by

d
C = Cotan ”7 sin if Nis even (1)

C = (4 tan % cos if Nisodd (2)

where C, is the coupling between the post and
one small-height waveguide, and X is the wave-
length of the slow wave in the semiconductor.
These equations indicate that the coupling can
be greatly increased by use of many small-
height waveguides.

The system of small-height waveguides
illustrated in Fig. 1(a) was fabricated in the
following way. Alternate layers of copper-
adhesive-clad Mylar and bare Mylar (ob-
tained from the G. T. Schjeldahl Company,
Northfield, Minn.) were bonded together in a
standard heated platen bench press as illus-
trated in Fig. 2. The bonded stack was ma-
chined to the same cross-sectional dimensions
as X-band (8.2-12.4 GHz) waveguide and a
length of 1.67 inches. It was then copper-
plated over its entire external surface. The
copper at the output end of the coupler was
milled off, alternate layers were short-cir-
cuited, and a waveguide flange was attached
to accommodate the empty output wave-
guide. The periodicity of this laminate was
exceptionally good. The average spacing near
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(a) Schematic illustration of the slow-wave

coupler. (b) Phase variation of coupling in alternate

small-height waveguides.
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Fig. 2, Schematic illustration of the technique of lami-
nating the actual slow-wave coupler shown in
Fig. 1(a).

one end was 4.64 mils, while near the other
end, 95 layers away, it was 4.59 mils. In other
words, the systematic error in the spacing
over 95 layers was approximately 0.05 mil.
This relatively small systematic error indicates
that one can construct laminates that contain
over 100 layers without losing significant
phase coherence. A calculation involving the
random errors indicates that they will not
degrade the voltage coupling by more than 1
percent. Microwave measurements at 10 GHz
indicate that a wave can propagate in the small-
height waveguides for a distance of about 1.5
inches before losing half of its power. When
the structure was cooled to 77°K (liquid nitro-
gen), the half-power distance was about 4
inches. Since copper has a considerably higher
electrical conductivity at 77°K, while the elec-
trical properties of Mylar are virtually tem-
perature-independent, it is obvious that the
major power loss was in the copper waveguide
walls—exactly as expected for a small-height
waveguide with a large surface-to-volume
ratio.

A 15-mil-diameter hole was drilled in the
center of this structure, and a cylindrically
shaped bar of high-purity single-crystal N-
type indium antimonide of 11-mil diameter
was mounted in the hole and insulated from
the copper layers by 0.5-mil Mylar sheet.
Indium contacts were soldered to the ends of
the bar which protruded from this hole. The
system was cooled to 77°K and immersed in a
magnetic field of 6 kG. The crystal was sub-
jected to an applied voltage pulse sufficient to
cause impact ionization breakdown. Under
these conditions indium antimonide contains
a large plasma density of electrons and holes
[1] and emits a noisy mode of microwave
emission [2]-[11]. It was hoped that by using
this coupler, one could determine whether this
microwave emission was due to slow waves in
the indium antimonide which have a phase
velocity about equal to the average electron
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Fig. 3. Spectrum of the microwave emission from an

indium antimonide post mounted in the slow-wave
coupler of Fig. 1(a).

drift velocity [12]-[14]. It was observed that
the spectrum from 8.5 to 15 GHz was domi-
nated by white noise. However, as shown in
Fig. 3, the noise emission between 13.0 and
13.5 and between 14.5 and 15.0 GHz seemed
to be absent and in its place a system of peri-
odic peaks was observed. This is exactly the
spectral dependence predicted by the above
equations. An analysis of these peaks indi-
cates that the main peak should be at about
15.8 GHz (out of range of the microwave re-
ceiver used) and would correspond to a mode
of operation with five half-wavelengths per
laminate spacing. Assuming the existence of a
slow-wave mechanism of microwave emission,
the spacing between peaks indicates a phase
velocity of 7.4 107 cm/s compared to an esti-
mated average electron drift velocity of
4.5%10" cm/s in the applied 188 V/cm elec-
tric field [15]. However, the unenhanced
power level of the microwave emission from
these waves in the absence of the coupler must
be very small compared with the power level
of the noisy component of microwave emis-
sion, which presumably results from some
mechanism other than slow waves [16]. It is
also significant that no periodic peaks were
observed in the spectrum of the microwave
emission from indium antimonide operating
below the threshold of impact ionization [17].
A method of coupling slow waves to a
waveguide has been found and used to detect
very-low-power slow waves in indium anti-
monide subjected to the combined effects of
comparatively high applied electric and mag-
netic fields.
R. D. LARRABEE
W. A. HICINBOTHEM, JR.
RCA Laboratories
Princeton, N. J.
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Perturbations of the Critical
Parameters of Quarter-
Wave Directional Couplers

The theory of coupled transmission lines
was discussed by Jones and Bolljahn! on the
assumption that the phase velocities for even
and odd modes », and v, were equal to each
other. However, when the coupled lines are
constructed in the microstrip geometry or on
a hard substrate suspended between two
ground planes, the phase velocities are in gen-

Manuscript received February 6, 1967.
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eral unequal. As a result, the even- and odd-
mode characteristic impedances Z,, and Zj,,
as well as the phase velocities, must be ad-
justed to prescribed values. However, little is
known how critical these adjustments are in
order to get desired coupler performance.
This correspondence reports some results
obtained for the scattering coefficients S,; of
3-, 10-, and 20-dB quarter-wave couplers.
For an ideal coupler, Sy, = S5 =0 indepen-
dent of frequency, and Sy and S4; have their
maximum and minimum values at the center
frequency wo, respectively, where the sub-

mode excitation. The electrical lengths of the
coupling section with physical length / are
20, =wl /v, and 26, =wl/v,, respectively.

Because of the polarity of the generator
voltages, the current is zero at the center of
the lines for the configuration in Figs. 1(a)
and 1(c), and the voltage is zero for Figs. 1(b)
and 1(d). Therefore, at the center, the lines
may be open or short-circuited, respectively,
without changing the current at each port.
The currents into port 1 for the four cases are
therefore given by

scripts refer to port numbers as shown in 4= ____E__..
Fig. 1. —3Z s Ot 8, + Z,
To set up the equations for the scattering . E
coefficients we shall make use of the double 12 = Zos tan 0. + Zo
symmetry of the two parallel lines. Energy J40e LT Ge o
from a generator with a voltage 4E and a s = E
source impedance Z, will be fed into port 1 in T §Z40 cOt B + Zo
four steps and then superimposed. This is E
shown in Fig. 1. The first two steps represent = . )
even-mode excitation, the last two steps odd- jZu tan 8, + Zg
o — 20, 228,
=2 o ol 20— 20—
262 O Zoe o % D Zoo Z63 @ 22 @ Zoo 203 @
E 2o e sz £ Zo ED 2z, E Z, e® 32,
= I3 = E = E = € = € = £
(a) (b) (c) (d)
(a) and (b) Two states of even-mode (c) and (d) Two states of odd-mode
excitation of the coupler. excitation of the coupler.
Fig. 1.
TABLE 1
10%; Change in 109 Change in
Ve OF ¥ Zy, OF Zy,
Return loss (VSWR) 28 dB (1.08) 32 dB (1.05)
3-dB Coupler
Directivity 25 dB 29 dB
Return loss (VSWR) 33dB(1.09) 27 dB (1.09)
10-dB Coupler
Directivity 13 dB 26 dB
Return loss (VSWR) 42 dB (1.02) 26 dB (1.1)
20-dB Coupler
Directivity 2dB 26 dB

TABLE II
Type of Coupler Permissible v, or », | Change in Z,, or Z;,
3dB 6.5% 10.0%
For 1.05 10 dB 11.0% 5.5%
input VSWR
+457;
20 dB * 5.5%
—25%
3dB 6.07 9.0%
For 30-dB
directivity 10 dB 1.5% 6.5%
20 dB 0.4% 6.5%

* These values were calculated from the exact equation for Sii.



