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1 5 Claims.

The present invention relates to the art in-
cluding impedance matching and transforming,
devices especially adapted for use in systems,
utilizing high frequency electromagnetic energy.
The present application is a division of applica-
tion Serial No. 448,992 filed June 29, 1942, now
Patent No. 2,438,912, issued April 6, 1948.

In transferring energy from one high frequency
device to the other, it is well known that the im-
pedances thereof must be properly matched in
order to avoid the production of standing waves
with attendant increase in losses and decrease in
the energy transmitting capacity of the system.
In addition, for greatest efficiency it is known
that the impedance of a load device must be
properly transformed to mateh that of its source.

The present invention is directed toward the
provision of improved impedance matching and
transforming devices which are adapted to effi-
ciently couple and match any two arbitrary im-
pedances, and o transform.any arbitrary im-
pedance into any other arbitrary impedance,
with a minimum of adjustment and a maximum
facility and efficiency.

- According to the present invention, such im-
pedance: transformers are provided of the. con-
centric line type having fixed physical length
whereby they may readily be manufactured and
permanently and rigidly connected into a system.
Concentric line impedance transformers have
been ‘disclosed in Hansen and Woodyard Patent
No. 2,406,372 granted August 27, 1946. In such
devices, it is known that by the provision of only
a single adjustment, a very restricted range of
transformation is obtained. By providing three
adiustments, any desired transformation may be
obtained, but the practical difficulties of making
three simultaneous inter-dependent adjustments
renders such devices .of limited utility. When
using two adjustments, the range of possible
transformations is increased greatly over that
with one adjustment, but it is only in special
cases that all transformations may be obtained.
Such transformers are described in the present
case.

Also, speeial provision is made for the elimina-
tion of losses by the use of special spacing of the
insulating spacers reguired to maintain proper
relationship hetween the concentric conductors
of the device, and by the use of special contact-
resistance-reducing means useful wherever slid-
ing contact is required.

Accordingly, it is an object of the piesent in-
vention to provide improved impedance matching
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2
transformers for matching any two arbitrary im-
pedances.

Tt is another object of the present invention to
provide improved impedance matching trans-
formers of fixed effective length suitable for rigid
connection in a system.

It is still another object of the present inven-
tion to provide improved impedance transformers
having a minimum number of adjustments and
a maximum range of transformations.

It is a further object of the present invention
to provide improved impedance matching trans-
formers including high efficiency joints therein
for reducing the effects of sliding contact.

It is a still further object of the present inven-
tion to provide improved sliding joints for con-
centric transmission line devices.

Tt is another object of the present invention to
provide improved means for adjustably connect-
inz one concentric transmission line in shunt
with a second.

Further objects and advantages of the present
invention will become apparent from the follow-
ing specification and drawings, in which,

Fig. 1 shows a longitudinal cross-sectional view
partly in elevation of one form of the present
invention;

-Fig. 2 shows an enlarged cross-section of a de-
tail of the device of Fig. 1 taken along lines 2—2
thereof;

Tig. 3 shows an enlarged elevational view of &
detail of the device of Fig. 1 taken along lines 3—3
thereof; and

Fig. 4 shows an admittance hipolar ccordinate
diagram useful in explaining the theory of oper-
ation of the device of Figs. 1-3.

Referring to Figs. 1 to 3, there is shown one
form of impedance transformer adapted to effi-
ciently couple and match two arbitrary im-
pedances or to fransform an arbitrary imped-
ance into any other impedance. Impedance
transformer 11 of Fig. 1 comprises a pair of sta-
tionary concentric line end sections 12 and 13
which are adapted to be coupled fixedly to the
impedances to he matched by means of suitable
concentric line couplings (not shown) which
may be of any desired type. Sections {2 and 3
may be of any convenient length. Transmission
line 12 comprises an inner conductor 4 and an
outer conductor i85 held in proper relation by
suitable insulating discs 17 and 8. Insulating
dises 17, 18 may be provided at suitable points
along the length of line {2 as required by con-
siderations of mechanical support. Preferably,
however, these insulating spacers are placed in
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pairs having their centers spaced apart by a dis-
tance electrically equivalent to a quarter wave-
length or 90 electrical degrees of the operating
frequency. By so doing, the effect of these in-
sulating spacers, due to- the discontinuity they
present in the dielectric medium within line 12,
is greately - minimized, - and “standing waves
caused thereby are substantially eliminated.

Thus, considering for example an electro-
magnetic wave travelling from left to right down
conductor 12, such a wave would meet a dielectric
discontinuity at the spacer 1T and a portion of
this wave will be reflected thereby. Another
portion of the wave will be transmitted further
to the right and will be reflected by spacer (8.
These two reflected waves will be superposed in
the portion of the line 12 to the left of sbacer
{1. Since spacers IT and 18 have been placed a
distance apart equivalent to a quarter wave-
length, the wave reflected by spacer 18 will be
a half-wavelength or 180° out of phase with re-
spect to the wave reflected by spacer {71, and
these two waves will tend te neutralize and can-
cel one another. In this way, the electrical ef-
fects of such insulating spacers, which are
necessarily present because of the mechanical
considerations of the device, are minimized and
substantially eliminated.

The impedance transformer (1 of Flg 1 is
adapted to provide an adjustable short-circuited
stub transmission ‘line in shunt with the con-
centric lines {2 and (3, the point of connection
of this shunt line section with the concentric lines
12, 13 being made adjustable longitudinally of
lines 12, i13. Por this purpose, inner conductor
{4 of line I2 and inner conductor {9 of line 13
are joined by a conductor 22 which together with
a slidable tubular shell 23 form a central concen-
tric transmission line section joining lines {2 and
13 in cascade.

Conductor 22 is made of larger diameter than
inner conductors (4 and 19, and is joined to them
at each end by respective tapered portions 24 and
25. The diameters of inner conductor 22 and
outer conductor 23 are so chosen that the char-
acteristic impedance of the transmission line 22,
23 will be equal to that of lines 12, 13." In order
to join lines 12 and 18 smoothly and without re-
flections or mismatch to line 22, 23, respective
internally tapered portions 26, 27 are attached to
outer conductors {6 and 2! of lines 2 and (3.
The internal tapers of portions 26 and 27 are so
selected and are so placed relative to tapered
portions 24, 28 of inner conductor 22, that the ra-
tio of inner conductors i4, 24, 22, 25,9 to the
respective outer conductors 16, 28, 23, 27, 21 re-
mains uniferm and constant for the entire length
of the impedance transformer {1, thereby assur-
ing a uniform characteristic impedance and sub-
stantially no reflections or mismatch which might
provide undesirable standing waves and conse-
quent reduced efficiency and other attendant dis-
advantages,

The internally tapered vortions 28, 2T are pro-
vided with cylindrical outer surfaces 28, 29 hav-
ing diameter just slightly smaller than the in-
ternal diameter of tubular shell 22 whereby por-
tions 28 and 27 do not contact shell 23, and shell
23 may be easily slid along the device. To pro-
vide electrical contact between shell 23 and outer
conductors £, 26 and 27, 21 to complete the main
line section of the device, connecting discs 31 and
32 are provided fastened to outer conductors {6
and 21 and provided at their peripheries with
spring fingers 33 and 34 extending peripherally
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therearound and adapted to form good electrical
contact with shell 23.

In this manner, shell 23 may be axially dis-
placed along lines 12, 13 without in any way
changing the electrical properties of the caseaded
lines 14, 16; 24, 28; 22, 23; 25, 27; and (9, 21. In
order to provide efficient electrical contact be-
tween shell 23 and the stationary outer conduc-
tors of these lines it is most desirable that very
low resistance appear at the innermost ends of
the internally tapered portions. 286, 27 which are
the points at which the electric currents flowing
along the outer conductor of the device would
cross from outer conductor 21 or 16 to shell 23.
For this purpose, the axial length of the cylin-
drical outer surface of each of the tapered sec-
tions 26 and 27 is made to be electrically exactly
a quarter wavelength of the operating frequency,
and their outer diameters are selected to be as
nearly equal to the inner diameter of shell 23
as possible without obtaining direct mechanical
contact. - In this way, sections 26 and 27 form
quarter wavelength low impedance concentric
transmission line sections with outer conductor
23. Furthermore, the spacing between the outer-
most edges such as 36, 3T of portions 26, 27 from
the innermost surfaces 28, 39 of contacting discs
31, 32 is also made to be electrically equivalent to
a quarter wavelength of the operating frequency
whereby a second quarter wave section of con-
centric transmission line is formed by shell 23
serving as outer conductor, and conductors 18
and 21 of lines 12, {3 serving as inner conductors.

_In order to make the characteristic impedance
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of the latter sections as large as possible, the
outer diameter of conductors 16 and 21 is reduced
by thinning the wall thickness thereof, whereby
the impedances of these sections is increased
without affecting that of lines 12 and (3.

It will be seen that the quarter wave lineg 16, 23
is short-circuited at the left by disc 21, this short-
eircuit being produced by the low 1ad1a1 resist-
ance of disc 3! in series with the contact resist-
ance between fingers 33 and outer conductor 23.
This fairly low impedance will be transformed
by the high impedance line 16, 23 to a high im-
pedance at point 26 having the value

yA]

R
where Z is the characteristic impedance of line
16, 23 and R is the short-circuiting resistance.
It will be noted that this value will be extremely
high due to the low value of resistance R and to
the high value of the characteristic impedance Z.

By the action of the low impedance quarter
wave line section 28, 23 this high impedance is
transformed to a low impedance having the value

(%)

at the innermost end of tapered section 26 where
Z’ is the characteristic impedance of line 28, 23.
Since Z’ is much smaller than Z, it will be clear
that the effective gap resistance at the innermost
point of tapered portion 28 will be much lower
than the contact resistance between fingers: 33
and sleeve 23, and in this manner a highly effi-
cient and extremely low resistance sliding joint
between outer conductor I8 and 23 is provided.
If desired, further alternately high and low im-
pedance quarter-wave sections formed similarly
to 16, 23 and 26, 23 may be inserted here to fur-
ther decrease the ultimate gap resistance.

As described above, line section 15, 23 forms a



9,562,909

5

‘quarter-wave section short-circuited at the left
by disc 31 and fingers 33. As is well-known, such
a line section has a current antinode or loop at
the shorting poinf, resulting in relatively high
current intensity. This high current flowing
through the contact resistance of fingers 83 would
"produce high losses. To minimize these losses,
fingers 33 are made of substantial length relative
‘to a quarter wavelength of the operating fre-
quency whereby the actual sliding contact oc-
curs at a point of lower current intensity, thus
reducing losses and heating.

It will be clear that the same type of joint is
provided between outer uonductor Zl and sleeve

In order to adjustably llluelt a ohunt sectlon
of concentric transmission line, shell 23 is con-
‘nected perpendicularly to an outer conductor 4i
"which cooperates with inner conductor 42 to pro-
vide a-concentric transmission line section 43.
To connect this section 43 in shunt with section
22, 23 it is necessary to connect inner conductor
42 to inner conductor 22. However, as described

above, it is also desired to adjust the point of

connection of line section 43 with 1espect to line
22,23,

For this purpose, conductor 22 is folmed. w1th a
Iongitudinally extending slot -44 shown - more
clearly in Figs. 2 and 3. The end of conductor
42 is provided with an  internally circularly
rounded portion £6 for cooperation with conduc-
tor 22 o provide an extremely small gap between
conductors 22 and 42. Suitably fixed to inner
conductor 42, as by soldering, etc., is a flat metal-
lic plate 47 extending axially of conductor 42
and within the slot 44 of conductor 22. In this
manner, conductors 22 and 42 may be connected
in high freguency fashion through the large ca-
pacitance formed by the small arcuate gap be-
tween conductors 22 and 42 and by the small gap
between plate 47 and conductor 22. In order to
increase and maintain this capacitance substan-
tially constant, a pair of dielectric plates 48, 49
are preferably fixed to either side of plate 47 to
maintain its spacing constant relative to slot 44.

In order to provide as large a capacitance and
as small an impedance as possible, it is desirable
to have plate 41 of substantial extent along the
axis of conductor 22. However, any length in
either direction from the center exceeding a quar-~
ter wavelength would be superfluous and ineffi-
cient, since the effective capacitance becomes a
mazximum for g quarter wavelength of conductor.
Accordingly, the length of plate 47 along the axis
of conductor 22 is preferably made substantially
equal to a half wavelength, although it may be
less if desired. In this manner, the line section
43 may be axially adjusted in position along the
line section 22, 23, an efficient connection being
provided by the means just described.

Preferably the length of slot 44 in conductor
22 is made of such length that at least a half-
wavelength of adjustment of the tapping point
of connection between sections 43 and 22 23
may be provided.

In order to suitably adjust the length of line
section 43, a slidable plunger 51 is provided hav-
ing a shorting disc 2 provided with spring fingers
83, 58, and thereby serves to interconnect the
inner conductor 42 and outer conductor 4#i
through a fairly low resistance. In order to still
further reduce this contact resistance, impedance
transforming means are provided similar to that
described with respect to the sliding Jomt be-
tween conductors 18§, 21 and sleeve 23.
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-of annular - disc

é

-Foi‘ this purpose, a cylindrical shell 54 is suit-

‘ably fastened fo shorting disc 52, and concentri-

cally thereof. At the opposite end, shell 54 is
connected to an annular disc 8% which is spaced

‘only slightly from inner conductor 42 and outer

conductor 4{ by suifable thin rings of dielectric
material, such as 37 and 58. The length of cylin-
drical shell 54 as measured between the inner
face 89 of plunger B2 and the outer face 6f of

‘annular disc 58 is selected to be electrically equiv-

alent to a quarter wavelength of the operating
frequency. The axial thickness of disc &5 is also
chosén to be electrically equivalent to a quarter
wavelength. Since dielectric material is provided
between disc 56 and both inner conductor 42 and
outer conductor 51, the physical length required
for conductor 56 will be substantially less than
a quarter wavelength in free space.

In this manner, shell 54 and outer conductor
41 form a high impedance quarter-wave line sec-
tion short-circuited at the outer end by the con-
tact resistance between fingers 53 and outer con-
ductor 41. This line section is in cascade with
the low impedance quarter-wave section 56, &1,
whereby the contact resistance between disc 52
and conductor 41 is transformed to point 62 as
a much lower resistance in ihe manner already
described above. :

At the same time, shell 54 and inner conductor

42 form a high impedance quarter-wave line

which together with the low impedance quarter-
wave line formed by ring 3% and inner conductor
42 also serves to transform the contact resistance

‘between fingers 55 and inner conductor 42 to a

much lower resistance at point 83. In this way,
extremely low effective contact resistances are
produced at points 62, §3, whereby the lower face
88 provides an effective short-
circuiting plug or piston for line section 43.

As neted above, it is desirable that the charac~
teristic impedances of the two-cascaded quarter-
wave line sections forming the contact resistance
transformer have as high a ratio ag possible in
order -to provide the lowest transformed contact
resistance. For line 54, 41 this would necessitate
the smallest possible outer diameter of shell 54.
However, for line. 54, 82 this would necessitate
the largest innermost diameter of shell 54. Since
these two. conditions are mutually exclusive, and
since the net contact resistance provided by an-
nular disc 56 is the sum of the resistances reflected
at points 62, 63, which is to be minimized, shell

.58 is- made o be as thin as possible and its diam-
-eters- are .so, chosen that the characteristic im-

‘pedances of line sections 42, 54 and 54, 41 are sub-
stantially equal. - This requires that the average
diameter of shell 54 be substantially the geomet-

ric mean between the diameters of inner conduc-

tor 42 and outer conductor 41, In this manner
a minimum eﬁectlve contact re51stance is ob-
tained. :

In order to suitably adJust the position of
shorting plunger 56 along line section 48, several
thrust rods are provided, of which two, namely,
64 and 66, appear in the section taken. These
rods are fastened to disc 52 and are movable
axially of line 43 by means of a suitable screw
67 threaded into member 68, to which rods 64,
66, etc., are also fastened. In this manner, both
the length of the'line section 43 and its point

'of connection ‘in shunt with the concentric line

formed along the major-axis of the device may
be suitably adjusted, and by so doing the ar-
bitrary-impedance :connected  at.the end of one
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of lines 12 and 13 may he properly and efficiently
transformed to any other impedance at the end
of the other line {13 or 12. It will be clear thab
any other suitable adjusting means may be used.

The operation of the device of Fig. 1 may be
explained by reference to Fig. 4 which shows an
admittance diagram having coordinate axes rep-
resenting conductance ¢ and susceptance b, as
shown. Point Yo on this diagram represents the
characteristic admittance of lines 22, 23; 14, 16
and {9, 21 which are all equal, as discussed above.

If an  arbitrary admittance represented by
point Y1 is connected to an adjustable length
transmission line having characteristic admit-
tance Yo, it may be shown that the admittance
Y1, looking through the line toward Yi, may
be represented by the equation

v ;. Yosinh u+jYosin (¢4 nwdx)
V" cosh p—cos (¢ 4mx)
where » and ¢ are quantities defined by

_ G+ Bt Yy
coth p= 3 4G
and
cot g= LBV

2Y B,

Here z is the the length of line in wavelengths,
G1 is the conductance of ¥Y: and Bi is the sus-
ceptance of ¥i. Graphically, the locus of re-
sultant admittance Y1’ as x varies as given by
the circle defined by setting p equal to zero,
which may be termed a bipolar coordinate cir-~
cle having Yo as pole. Such a circle is shown
at 710 in Fig. 4. For each added half-wavelength
of line, one complete traverse of circle 710 is made
by Y1'. .

Accordingly, if an admittance Y1 is connected
to one end, say the left end, of the transformer
of Fig. 1, the resultant admittance Y1’ looking
left from the tap point 45 will vary clockwise
from Y1 along circle 70 as the tap is moved from
left to right.

If it is desired to produce a transformed ad-
mittance Yz at the right end of transformer
{I, then the admittance Y2’ at point 45 looking
to the right, which is required to produce Yz
at the end of the line, will lie somewhere on
the bipolar coordinate circle 171 passing through
Y: displaced counter-clockwise from Ya, depend-
ing on the position of point 45. As tap 45 moves
rightward, Y2’ also moves clockwise about Yo.
Since one of these circles 10 is completely with~
in the other cirele 11, it will be clear that for
some particular setting of the junction 45, Yv’
and Yo’ will be one directly above the other; that
is, they will differ only by pure susceptance.
Such a position is shown by Y:”’ and ¥Y2’’ in
Pig. 4.

‘When such a position is found, the admit-
tance Y2’" and therefore the desired transformed
admittance Y2 at the right end may be produced
by adjusting the position of plunger 9l to add
or subtract the required amount of susceptance
to admittance Y1’’. In this manner any ar-
bitrary admittance Y1 at one end of transformer
i1 may be transformed into any other arbitrary
admittance Yz at the other end.

Since in practice the condition of matching
or proper transformation is most usually tested
by observing the standing wave ratio or power
output, it will be clear that these two adjust-
ments, namely that of the position of the junc-
tion point 45 and of the position of plunger 52,
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8

must be adjusted by trial and error to produce
the desired result. Usually this will be done by
setting one of these values to an optimum posi-
tion, which generally will not- be the desired
condition, and then resetting the other to im-
prove upon this optimum condition. Thus by
alternately resetting each of the two:adjustable
portions of the device, the proper transforming
condition can be obtained after only a few ma-
nipulations.

Throughout this description, wherever the
electrical lengths of a quarter of half-wave-
length are used, it is to be understood that an
odd muiltiple or an even multiple, respectively,
of a-quarter-wavelength may be used equally as
well.

Wherever the term “electrical length” is used
in the present specification, it is to be under-
stood as meaning a physical length of such value
as to give the same electrical effect as a physical
length equal to the electrical length would yield
in free space. All wavelengths are referred. to
waves in free space.

All distances referred to in terms of wave-
length are intended to be electrical lengths as
defined above.

As many changes could be made in the above
construction and many apparently widely dif-
ferent embodiments of this invention could be
made without departing from the scope thereof,
it is intended that all matter contained in the
above description or shown in the accompanying
drawings shall be interpreted as illustrative and
not in a limiting sense.

What is claimed is:

1. An impedance transformer for transform-
ing an arbitrary impedance into any other de-
sired impedance, comprising a pair of concentric
line end sections, a conductor joining the inner
conductors of said sections, an axial slot fermed
along said joining conductor, an outer conductor
cooperating with said sloited conductor to form
a concentric transmission line therewith, means
for slidably adjusting said first outer conductor
along the. outer conductors of said sections, &
further outer conductor fixed perpendicularly to
said first outer conductor, an inner conductor
fixed concentrically within said further outer con-
ductor, means slidably connecting said last inner
conductor to said slotted conductor in high fre-
quency fashion, comprising a flat extension of
said last inner conductor slidably engaging with-
in said slot, and means adjustably short-circuit-
ing said last outer and inner conductors, where-
by any one impedance connected to one of said
end sections may be transformed to any other im-
pedance at the end of the other of said end sec-
tions by adjustment of the connection of said
inner and slotted conductors and by adjustment
of said short-circuiting means.

2. An imipedance transformer for itransform-
ing an arbitrary impedance value into any other
desired impedance value, comprising a first sec-
tion of concentric transmission line, a pair of
concentric line end sections, means connecting
the outer conduetors of said end sections and said
line section comprising a pair of contacting discs
each radially extending from the outer conduec-
tor of each of said concentric line end sections
to the outer conductor of said first transmission
line section, said contacting dises having axially
extending fingers at the periphery thereof to
prevent the escape of energy endwise of said first
line section, a° second section of a concentric
transmission line located perpendicularly to said
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first line section, and having a ¢enter conductor,
one end of said center conductor being capaci-
tively coupled with the center conductor of said
first line section and a radially extending con-
tacting diaphragm located between said second
center conductor and the outer conductor of said
second line section and having spring fingers at-
tached thereto, whereby an efficient transmission
of energy is provided.

3. An impedance transformer for transform-
ing an arbitrary impedance value into any other
desired impedance value, comprising a pair of
concentric line end sections, a conductor joining
the inner conductors of said end sections and
having an axial slot formed along said joining
conductor, a first outer conductor cooperating
with said slotted conductor to form a concentric
transmission line section therewith, means for
slidably adjusting said first outer conductor along
the outer conductors of said end sections, a pair
of axially-adjustable contacting discs each ex-
tending radially from the outer conductors of said
end sections to the first outer conductor and hav-
ing axially extending spring fingers thereon, a
second outer conductor fixed perpendicularly to
said first outer conductor, an inner conductor
fixed concentrically within said second outer con-
ductor, means slidably connecting said inner con-
ductor to said slotted conductor in high frequen-
cy fashion and consisting of a flat extension of
said inner conductor slidably engaged within said
slot, and a further axially-adjustable contacting
disc extending between said inner conductor and
said second outer conductor and having axially
extending fingers thereon, whereby any one im-
pedance value connected to one of said end sec-
tions may be ftransformed to any other imped-
ance value at the end of the other of said end
sections by adjustment of the connection of said
second inner and slotted conductors and by ad-
Jjustment of said contacting dises and said fur-
ther contacting discs.

4. An impedance transformer comprising a
pair of concentric line sections, & conductor join-
ing the inner conductors of said sections, an axial
slot in said joining conductor, an outer conduc-
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tor surrounding said joining conductor coiicen-
trically, means for slidably adjusting said outer
conductor along the outer conductors of said sec-
tions, a further outer conductor fixed to and ex-
tending transversely from said first mentioned
outer conductor, an inner conductor concentric
within said further outer conductor, and an ex-
tension on said inner conductor slidably engaging
within said slot in said slotted conductor.

5. An impedance transformer comprising a pair
of concetric line sections, a conductor joining the
inner conductors of said sections, an axial slot
in said joining conduector, an outer conductor
surrounding said joining conductor concentrical-
ly, means for slidably adjusting said outer conduc-
tor along the outer conductors of said sections, a
further outer conductor fixed to and extending
transversely from said first mentioned outer con-
ductor, an inner conductor concentric within said
further outer conductor, a flat extension on said
inner conductor slidably engaging within said
slot in said slotted conductor, and means for ad-
justing the effective electrical length of said in-
ner conductor within said transversely extending
outer conductor.

WILLIAM W. HANSEN.
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