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This invention relates to waveguides for use at micro 
wave frequencies, and more specifically »to «a novel con 
struction for flexible circular waveguides. 
The advantages of use of waveguide over coaxial line 

of comparable size at frequencies greater than 3,000 
rnegacycles or so are well-known, lying primarily in re 
duction of attenuation and increase of power-handling 
capacity for -any given size. ilu addition, of course, wave 
guide has the advantage of simplicity of construction be 
cause of the elimination of the dielectric and central con 
ductor used in coaxial transmission lines. This advantage, 
however, in many cases is merely a theoretical one because 
`of practical considerations in the construction of over-all 
transmission systems. Coaxial cable offers the great ad 
vantage of flexibility, thus largely eliminating the prob 
lems of “plumbing” associated with ythe installation of 
conventional types of hollow waveguide. Where rigid 
waveguide is employed, it becomes necessary, in general, 
to fabricate special waveguide »sections for each particular 
installation problem, because of the limitations on the 
radius :of curvature which can ‘be tolerated Without intro 
ducing excessive attenuation. The construction of wave 
guide system-s between two points (a feed point and a 
load point) ychosen for reasons other than adaptability to 
“standar ” lengths of straight and curved waveguide be 
comes difficult, if not impossible, without the fabrication 
of special lengths and curvatures of waveguide to lit the 
particular installation. 
The problem 'thus introduced is further complicated by 

the necessity of great care in preventing discontinuities >in 
electromagnetic ‘characteristics on the interior of the guide, 
since any electromagnetic discontinuity along the length 
of the guide, whether of mechanical obstruction or conduc 
tivity change will act as a rellection or absorption point 
for the energy in the guide, thu-s greatly increasing the at 
tenuation. For this reason, field fabrication of special 
lengths and curvatures ̀ of rigid guide is extremely difticu-lt 
and expensive because of the necessity of extreme smooth 
ness or uniformity along all portions of the internal struc 
ture of the guide, any solder, dent, etc., appearing on the 
inside of the guide .introducing substantail diminution of 
the theoretical performance of the guide as compared 
with a coaxial cable. Because of such consider-aions, co 
axial cable must frequently be employed in place of wave 
guide for all or part of a high frequency transmission 
system ldespite its theoretical inferiority. 
To deal with this limitation on the use of waveguides 

in high frequency transmission systems, there have hereto 
fore been devised various forms of flexible waveguides. 
Su-ch waveguides, as heretofore devised, however, have 
been subject to serious objections. Rectangular wave 
guide, which is well-known to have very desirable proper 
ties both as regards attenuation :and preservation of the 
direction of polarization of the transmitted wave, is ex 
tremely expensive «to fabricate in the form of ilexible wave 
guide. On the :other hand, `circular waveguide, although 
more simply fabricated, has heretofore introduced :other 
serious problems, particularly that of maintenance of 
polarization. 

Because :of the circular symmetry of such waveguide, 
the propagated wave is readily caused :to `,follow a spiral 
path down the length :of the guide. Even -in straight cir 
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cular waveguide, maintenance of the direction of polariz 
ation throughout the length of the guide constitutes a sub 
stantial problem, since even minor discontinuities on the 
interior of the guide, which are insutiic-ent in magnitude to 
introduce substantial attenuation problems, nevertheless 
upset the polarization pattern. When the guide is curved, 
particularly where the curve is not carefully planned, as 
in the case of a flexible guide, the problem of polarization 
pattern rotation becomes more severe. Because of this 
problem of alternation of the direction of polarization, it 
is common to employ, in circular waveguide, modes of 
transmission which are themselves of circular symmetry, 
such as the TEM and TMm, in which such rotation, a1 
though existing in theory, produces no practical effects. 
The use of these modes, however, has, other factors being 
equal, a serious disadvantage compared with the use of 
the dominant mode (mode of the lowest cut-off frequen 
cy), which is the TEM. In the first place, the circular 
modes require a larger size >guide for transmission of any 
given frequency. Further, the attentuation tor any given 
frequency will in general be lower for the dominant mode. 
However, in the case of lthe dominant mode, as opposed 
to circular mode, rotation of the polarization pattern be 
comes a serious problem. Standing wave patterns in the 
guide become confused and uncertain where such rota-tion 
occurs because of differences of polarization »at any given 
point between the incident and reflected wave. Further, 
even in Isystems designed for minimum reflection, the effi 
ciency of the probe or other energy-‘extraction device ‘at 
the load end, designed for the dominant mode, cannot be 
held constant if variation in .rotation occurs. 
One type of structure which may be employed as cir 

cular waveguide capable of being flexed is suitably corru 
gated metal tubing. In such a type of tube, additional 
polarization preservation problems are encountered by 
reason «of the presence of the corrugations, particularly if 
these are helical. Since the corrugations are prone to 
rotate the polar-ization, and Ksince the polarization rotation 
between the input and output ends will vary with bending 
«of the guide, a simple flexible tube of circular symmetry 
is virtually useless from a practical standpoint as regards 
employment of the dominant waveguide mode. Further, 
it is impractical to incorporate 4in such constructions any 
elaborate structure for maintaining lthe direction of polar 
ization. 
The essence of the present invention lies in the discov 

ery that circular waveguide, particularly flexibile wave 
guide, may be constructed to permit the use of the domi 
nant mode without rotation of the plane of polarization of 
the propagated wave by constructions which are extremely 
simple and inexpensive to fabricate, but are nevertheless 
highly efficient in producing desirable waveguide charac 
teristics for the dominant mode of circular waveguide 
propagation. The preservation of polarization of the domi 
nant mode permits »the propagation of transmissions of 
very high mode purity, since the employment of a fre 
quency below the cut-off frequency of the TMm mode 
(the next higher mode) «assures ̀ that there can be no prop 
agation yof modes other than the desired mode, and the 
irregularities which might otherwise produce add-itional 
modes of higher order cannot do so. 

`One form of flexible metallic tubing is a tube formed 
from sheet material bent to circular form with .the ends 
slightly lapped to form a longitudinal seam which is 
welded or otherwise sealed along its entire length, the 
tubing being helically corrugated to provide flexibility. 
Corrugated tubings of this type have heretofore been 
employed for other purposes, such as the sheathing of 
coaxial cables. ln one type of such construction of tub 
ing, the body material of the tubing is selected for its 
mechanical properties, such as steel, while an internal 
coating of a material of high conductivity, such as copper, 
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is employed to impart the desired inner surface conduc 
tivity. The essence of the present invention lies in the 
discovery that the addition to such tubing of suitable wave 
guide flanges, with the interior of the tubing unobstructed, 
provides a highly efficient, but relatively inexpensive, 
flexible waveguide for propagation of the dominant mode 
of circular waveguide transmission which compares very 
favorably in performance with the relatively expensive 
rectangular flexible waveguide. The exact theory of 
operation is not fully known, but the polarization of the 
dominant mode is preserved by the single circumferential 
deviation from circular electromagnetic symmetry which 
extends longitudinally along the interior of such a tube, 
this single circumferential deviation occurring at the 
lapped seam and being effective on the one hand because 
of the geometrical departure from circularity at the seam, 
and on the other hand because of the discontinuity in 
conductivity characteristics which occurs at the uncoated 
exposed edge of the original sheet material which bounds 
the seam. 
For more complete understanding of the invention, 

reference is made to the embodiment thereof illustrated in 
the annexed drawing, and to the experimental data herein 
to be given concerning the performance and operation of 
the illustrated ñexible waveguide. 

In the drawing: 
FIGURE l is a view partially in longitudinal section 

and partially in elevation showing a waveguide con 
structed in accordance with the invention as attached to 
a radio-frequency source which is schematically illustrated 
in block form; 
FIGURE 2 is a transverse sectional view taken along 

the line 2-2 of FIGURE 1; and 
FIGURE 3 is an enlarged sectional view corresponding 

to a portion of FIGURE 2. 
The flexible tubular portion of the illustrated wave 

guide 1l) comprises a tube 12 formed from metal sheet or 
strip into substantially circular cross-sectional form and 
having a lap seam at 14. The body 16 is of steel, the 
sheet or strip from which the body is formed'fseing coated 
with a copper coating 18 on one side (nowlK the interior 
of the tube). The opposite opposed edges 20 and 22, 
which bear no coating, are, after the illustrated formation 
of the tube, respectively the inner and outer edges of the 
seam 14 thus formed. The seam 14 is welded at 24 along 
the entire length thereof. In the welding process, the 
inner and outer edges which form the lap joint are slightly 
bent inward at 26 and 28 respectively to form a small 
ridge extending slightly into the circle otherwise formed 
by the tube, and thus constituting, both with respect to 
geometrical configuration (deviation from. circularity) and 
conductivity (the uncoated inner edge 20) a single cir 
cumferential deviation from circular electromagnetic 
symmetry extending longitudinally along the interior of 
the entire tube, the slight variation or alteration of the 
conductivity of the copper caused by oxidation in the 
welding operation also contributing to the effect. After 
formation of the tube in the manner described, the tube 
is helically corrugated by the formation, in a suitable 
rolling operation, of a groove 29 extending helically the 
entire length of the tube. 
The ends of the tube 12 are brazed at 30 to ferrules 32 

extending from flanges 34. In the illustration of the 
drawing, one of the flanges 34 is secured by means of 
bolts 36, and sealed by means of an O-ring 38 seated in 
a channel 40, to a flange 42 coupled, as schematically 
illustrated, to a microwave frequency source 44. It will 
of course be understood that this `illustration is highly 
schematic, either or both ends being adapted for any 
type of insertion in a microwave transmission system. 
The source 44 includes appropriate means for producing 
in the guide the TEM mode, with the diametric electric 
field vector which characterizes that mode appearing 
across the diameter which terminates on the seam. 
The materials and dimensions of the tube are of course 

of great importance in determining its characteristics 
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4 
when the tube, internally unobstructed, is secured to suit 
able llanges to constitute a waveguide. Where the illus 
trated coated construction is used, the electrical charac~ 
teristics of the body 16 are of secondary importance, and 
the material of the body 16 may be chosen primarily for 
its mechanical characteristics as regards flexibility when 
suitably corrugated and resistance to the type of deforma 
tion typified by dents and cracks, A typical material for 
construction of the body of the tube is stainless steel. 
It will of course be understood that partial utilization of 
the teachings of the invention may be employed by con 
structing the device shown in the drawing of a material 
which is itself of sufficiently high conductivity to per 
mit low-attenuation waveguide transmission without an 
internal coating; such utilization of the teachings of the 
broader aspects of the invention, however, will in general 
produce waveguide structures less advantageous, since 
such structures will add materially to the cost and impair 
the mechanical stability, while at the same time eliminat 
ing the circumferential deviation from electromagnetic 
homogeneity which is produced by the uncoated internal 
edge of the lap seam where a coating is employed. 
Where a coating is employed, as `in the present illustra 
tion, the coating must of course be of high conductivity, 
but need be only of sufiìcient thickness to constitute an 
adequate skin at the frequencies employed. 
The pitch and depth of the helical corrugation is not 

greatly critical to proper operation as a waveguide, being 
selected primarily on the basis of mechanical flexibility 
characteristics which in themselves constitute no portion 
of the present invention. 

Because of the effect on the lap seam in producing devia 
tion from circularity around the circumference of the tube, 
the matter of wall thickness, or more properly of ratio of 
wall thickness to diameter, becomes of great moment. 
The use of excessively thin walls, in addition to producing 
inadequate mechanical strength, will also produce insufñ 
cient deviation from circularity of the interior to ade 
quately hold the polarization of the dominant mode. On 
the other hand, the use of too thick a material, in addi 
tion to the mechanical problems thus introduced, will 
produce an internal shape which is no longer sufficiently 
circular to preserve a mode of propagation whose charac 
teristics are well-known, but produces a type of propaga 
tion, complex and relatively unknown, which is far less 
satisfactory, particularly as regards coupling means for 
the microwave energy for the efficient insertion of the 
mode at one end of the guide and extraction at the other. 
When a lap seam is employed, the thickness of the lap 
should be from .C05 to .03 times the average diameter of 
the tube. 

There may now be described the details of construction 
and the electrical performance of a particular construction 
of the device of the drawing which was built and exten 
sively tested. In this construction, stainless steel of a 
thickness of 18 mils was copper-clad with a 2 mil coating. 
The bending at the weld was such as to produce in essence 
a flat strip of the thickness of the wall material and of a 
width of approximately 0.25 inch within the otherwise 
circular tube. The major inner diameter of the tube was 
1.8 inches and the minor inner diameter was 1.57 inches, 
the pitch of the corrugations being 10.4 millimeters. 

It was found that the standing wave ratio and attenua 
tion were excessively high at frequencies below 4600 
megacycles, the lower limit of high utility of the guide 
being approximately 1.10 times the theoretical low-fre 
quency cut-off at a conventional circular guide of the same 
inner diameter, i.e., of an inner diameter corresponding to 
the minor inner diameter of the corrugated guide. In the 
region between 4600 and 5300 megacycles, the perform 
ance as regards standing wave ratio was quite comparable 
with that obtainable in other types of waveguide, averag 
ing about 1.20 in the range from 4630 to 4660 mega 
cycles, about 1.15 in the range from 498() to 502i) mega 
cycles and as low as 1.05 in the range from 5250 to 5285 
megacycles. In this same range, the attenuation varied 
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from approximately 2.6 db per 100 feet at 4600 mega 
cycles to as low as 1.9 db per 100 feet at approximately 
5100 megacycles, but thereafter rising to about 2.7 db at 
5 300 megacycles, apparently due to the loss of the power 
of maintaining polarization with the particular deviation 
from electromagnetic circularity employed. The useful 
range of frequencies therefore varies from approximately 
1.10 times the cut-off frequency for the dominant mode 
to approximately 1.2.9 times the cut-'off frequency for the 
dominant mode. Since the upper frequency limit of 
desirable operation corresponds substantially with the cut 
off frequency for the first higher mode, not only are the 
attenuation and standing wave characteristics favorable 
over the entire useful range, but in addition there is no 
possibility of appearance of higher modes, and the propa 
gation through the guide accordingly consists solely of the 
dominant mode with uniform polarization throughout. 
As previously indicated, the exact theory which pro 

duces the result is not known. It is found experimentally 
that the electric field vector terminates on the lapped zone 
or seam throughout the entire length of the guide. 'This 
observation is believed to be due to two cooperating ef 
fects. First, the geometrical factor produces a condition 
wherein the diameter of the tube which terminates on the 
seam is slightly smaller than the diameter normal thereto. 
The electric field vector accordingly tends to be aligned 
across the smaller diameter. The effect of the longitudi 
nally extending discontinuity of the conductive coating 
is less clear, but it may be observed that the dine line of 
uncoated material appears parallel with the magnetic linx 
lines adjacent to the walls of the guide if the wave is 
travelling through the tube with constant direction of 
polarization, but has a component transverse to the mag 
netic flux lines of a Wave which might otherwise follow 
a spiral path. 

It will be obvious lto persons skilled in the art that the 
teachings ̀ of the invention can read-ily be adapted to wave 
guide structures differing in precise details from that 
herein illustrated and described. Accordingly, the scope 
of the invention should not be considered to be limited 
by the particular embodiment described, but shall be 
determined solely in accordance with the appended claims. 
What is claimed is: 
1. Flexible waveguide apparatus comprising a unitary 

strip bent to join its edge portions and form an internally 
unobstructed substantially circular tube and helically 
corrugated, means for introducing in said tube electro 
magnetic wave energy of a frequency below the cut-off 
frequency of any circularly symmetrical propagation 
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mode therein, with a direction of polarization having an 
electric field vector normal to the wall at the joint between 
the edge portions, and means for maintaining the polari 
zation direction constant as the energy is propagated 
through the tube, said direction-maintaining means in 
clud-ing a continuous longitudinal weld of said joint having 
at least one internal surface of relatively high resistance. 

2. The diexible waveguide apparatus of claim 1 wherein 
the joint is a lap seam, all inner surfaces of the tube other 
than the edge surface of the yinnermost edge portion being 
coated with a material of higher conductivity than the 
base material of the tube, and said edge surface being 
uncoated, 

3. The iiexible waveguide apparatus of claim 2 wherein 
the base material is steel and the coating is copper. 

4. The ilexible waveguide apparatus of claim l wherein 
at least the inner surface of the tube is copper, and an 
internal surface of higher resistance than the other por 
tions of the interior is formed on the joint by oxidation 
of the copper. 

5. The ñexible waveguide apparatus of claim l wherein 
the thickness of the strip from which the tube is formed 
is from .005 to .03 of the diameter of the tube, the joint 
being a lap seam, «to form a circumferential deviation 
from circular symmetry. 

6. The flexible waveguide apparatus of claim l wherein 
the edge portions of the st-rip are bent slightly inwardly 
at the weld. 

7. The iiexible waveguide apparatus of claim l wherein 
the joint is a lap seam, the base material of the tube being 
steel of a thickness of from .005 to .03 of the diameter of 
the tube, all of the inner surface of the tube other than the 
edge surface of the innermost edge portion being coated 
with copper, and said edge surface being uncoated, the 
tube being deformed slightly inwardly at the weld, and the 
portion of the copper on the weld being oxidized to form 
a longitudinal surface of higher resistance than the other 
portions of the copper coating. 
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