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wave, the maximum in the radiation pattern rises

sharply as Q is increased beyond fl~.

ACKNOWLEDGMENT

The author wishes to thank Prof. R. W. P. King for

reading the manuscript. He is grateful to Prof. L B.

Felsen who made possible the author’s visit to the

Polytechnic Institute of Brooklyn, Brooklyn, N. ~.,

where this work was done. He is also thankful to Profs.

A. A. Oliner and L. B. Felsen for their helpful discus-

sions.

[1]

[2]

[3]

[4]

REFERENCES

L. B. Felsen, “On Diffraction by Objects in a Uniaxially Aniso-
tropic Medium, ” Polytechnic Institute of Brcloklyn, Brooklyn,
N. Y., Memo. No. 83? PIBMRI-1073-62; August, 1962.
S. R. Seshadri, “Excitation of surface waves on a perfectly con-
ducting screen covered with ankotropic plasma, ” IRE ‘r RANS.
ON MICROWAVE THEORY AND TECHNIQUES, vol. 10, pp. 573-578;
November, 1962.
A. Ishimaru, “The Effect of a Unidirectional Surface Wave Along
a Perfectly Conducting Plane on the Radiatic~n from a Plasma
Sheath, ” presented at the Second Symp. on the Plasma Sheath,
Boston, iVIass.; April, 1962.
S. R. Seshadri, “Scattering of Unidirectional Surface lVaves, ”
No. 402, Cruft Lab., Harvard IJuiversity, Cambridge, Mass.,
Tech. Rept. No. 402; February, 1963.

Attenuation Constant of Lunar Line and

ZXeptate Lunar Line*

A. Y. HU~, MEMBER, IEEE, AND A. ISHIMARU:, SENIOR MEMBER, IEEE

Summary—The attenuation constant a of the lunar line and that cut out section to connect the inner surfaces of the two
of the T-septate lunar line were derived from the average power loss
WL and the average power transfer W~ in each line, that is the ratio,

WL)2 WT. The average power loss and the average power transfer

for the lunar line and for the T-septate lunar line were derived from

their respective field functions. The theoretical attenuation constant

of a typical lunar line is less than 0.7 db/ 100 ft for frequencies greater

than 2000 Mc. The theoretical attenuation constant of a typical T-

septate line is less than 0.9 db/ 100 f t for frequencies greater than

1000 Mc. Experimental measurements of the attenuation constant

of a T-septate lunar line agree with the theoretical value. In the 200

to 2000 Mc frequency band, the lunar line and the T-septate lunar

line offer a compact and light package without an appreciable sacri-

fice in peak power handfing capacity or atl enuation.

INTRODUCTION

T

WO NEW microwave transmission lines, lunar

line and 1“-septate lunar line were developed at

The Boeing Company. The lunar line is an ec-

centric version of Schelkunoff’s coaxial cylinders with a

radial bafflel and is formed by two eccentric circular

metal tubes, which are either con netted with a metal

bar or tangential to each other. The T’-septate or lazy-T

lunar line is a modification of the lunar line and is also

formed by two eccentric circular metal tubes. In the

T-septate lunar line, however, part of the inner tube is

cut out and a vertical metal bar is passed through the

tubes. The outer tube and the bar are made of brass,

but the inner tube is made of copper which maintains

the cylindric form after being cut. A perturbation

method is used to obtain the dominant cutoff wave-

length and the field functions of these lines. 2,3

The main effect of the finite conductivity in the

waveguide will be attenuation caused by the power

loss in the conducting boundaries. The value of this

attenuation may be estimated by the ratio of power loss

per unit length to the average power transferred. For a

good conductor, it is reasonable to assume that the ex-

pression for power transfer derived for the ideal guide

applies well enough to the actual guide, and that power

loss may be computed by taking the current flow of the

ideal guide as flowing in the walls of the actual guide

with a known conductivity.

In this paper, the attenuation constant a of the lunar

line and of the T-septate lunar line are derived from the

average power loss per unit length W& amd the average

power transfer for the lunar line and for the T-septate

lunar line with their respective field functions. The

numerical y calculated dissipative attenuation con-

stants of the T-septate lunar line for different fre-

quencies are consistent with experimented results. Com-
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pared with the equivalent rectangular waveguide at the

same operating frequency, the attenuation constant of

lunar line and T-septate lunar line is increased, and the

power-handling capability is decreased, but cross sec-

tion and weight of both lines are reduced. Compared

with the equivalent rectangular ridge waveguide at the

same frequency, the attenuation constant and the size

may be the same, but lunar line and T-septate lunar

line have a higher power-handling capability and can be

pressurized without deformation. From a practical con-

sideration, lunar line and T-septate lunar line are likely

to have their greatest application in 200–2000 Mc fre-

quency band. This band is also of rapidly expanding

interest for space radar and space communications.

THEORETICAL ANALYSIS

Dominant Transverse Electrical Wave

Assume only the dominant TE mode is propagating

in the lunar line and the T-septate lunar line, and that

the guide wall is perfectly conducting. The z component

of the magnetic field H? perpendicular to the cross sec-

tion of the line, satisfies the two-dimensional wave

equation:

dH=
(v,’ + /3c’)Hz = o; ~ = o (1)

where At is the gradient operator transverse to the z axis,

(&is the cutoff wave number, and the cutoff wavelength

is given by h.= (27r/@.). An approximate solution is

obtained by deforming the boundary of the cross sec-

tion into a series of steps (Figs. 1 and 2). The lunar line

is deformed by eighteen fan-shaped regions, and the

T-septate lunar line is deformed by twenty-two regions.

Because of their symmetry about@= r, only half of the

regions must be considered. For the cylindrical coordi-

nate system, the ith region is defined by:

4,-15$5 $i

Po<Ps Pi

where

~= l,... , 9 for lunar line

and

;= l,..., 11 for T-septate lunar

The solution of (1) for each region is:4

.

line.

H., = ~ Ci.Zpin(@@) COS$i.(@ – O!i.) (2)
7Z=1

where P is the order of the Bessel function and C is the

coefficient of the series solution. The function 2P repre-

sents the following combination of Bessel functions:

Z’JLP) = J’P,D(B.PO) ~zl,n(b)

– N’2in(&m)J2in(&p) . (3)

4 N. Marcuvitz, “Waveguide Handbook, ” McGraw-Hill Book
Company, New York, N. Y., pp. 66-80; 1951.

po=O.8125”.
01= length from center O to outside of ikh fan-shape region.

Fig. l—Cross section of an eighteen-stepped form of a lunar line.

I
I

1+11

I

Fig. 2—Cross section of an eleven stepped fan-shaped form
of the half cross section of a T-septate lunar line.

The cutoff wave number ~. the order of Bessel func-

tion p. and the angular parameter cq for each region

have been determined’3 and are listed in Tables I and II.

The transverse fields of the wave can be written as:

E,i = 1 @~ 8H.,——
P.’ P M

(4)

jop tIH,e
Ed, =–7— (5)

c ap

HPi.–~~ (6)
/3.’ 8P

y (3HZ,
H4, =–— — (7)

/3c’P W
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“rABLE I

PARAMETERS OF A LUNAR LINE

/?. =0.67

‘i !iPi I !k I 4%”pi, in. Pi,, in. co
1 I

0.0000 20° 20.06°
0.1087 40° 39.87°
0.173.s 60° 60.21°
0.4787 80° 80.66°

0.8125
0.9800
1.0400
1.1200
1.2300
1.3600
1.5300
1.6800
1.8100
1.8600

0. .?444
0.6566
0.6968
0.7504
0.2241

0.599
0.621
0.642
0.677

1.0000 c,
1.0029 c,
0.8923 G
0.8703 C,
0.8227 C,
0.7446 c,

0.91112
1.0251

0.718
0.771

0.7534 100° 101.10”
1.0161 120° 120.81°
1.1657 140° 140.70”
1.2935 160° 160.30°
1.3363 180° 180.29°

1.1256
1.2127
1.2462

0.814
0.851
0.863

0.6694 C;
0.5996 C,
0.5690 Cl

PARAMETERS OF A T-SEFTATE LUNAR LINE

/3.=0.40

Pi,, in.

q= –6.889

pi, in. dJi

~,= 172°
6°

22.50

30°
45°
65°
85°

100°
120°
140°
160°
180°

————
c{l%Pi‘i d%”

0.7600
0.1600
1.0800
0.1600

0.304
0.064
0.432
0.064
0.325
0.432
0.448
0.480
0.524
0. !568
0.612
0.660
0.’700
0.720

@,* = 176°
3“

30.17°
45.25”
65.31°
85.42°

100.34°
120.45°
140.32°
160.06°
179.99°

—

a
1
c
2

.$

0.16875

o,zzo~o

0.37720
0.38480
0.40000
0.42050
0.44080
0.46100
0.48285
0.50090
0.50985

+3.00197 0.6105 Cs

0.8059 C,+O.1O472
0.8125
1.0800
1.1200
1.2000

–2.02241
–1.79778
–1.41853

1.0000 c,
0.9172 C,
0.7864 Ct
0.6620 Cs
0.5717 C3
0.5026 C3
0.4403 CJ
0.39.59 cd
0.3748 C2

4
5
6 1.3100

1.4200
1.5300
1.6500
1.7500
1.8000

–1.01794
–0.69190
–0.41621
–0.17202
–0.00728
+0. 06069

7
8
9

10
11

where y is the propagation constant equal to ~~.z — A’2 Between the common boundary C$= +;, the integral

and K =u~Me. Eqs. (6) and (7) may be written in the

vector form,

(8)
J- ptkj “

for the ith and the (i+ 1) th region cancels out. There-

fore, the average power transfer for the lunar line is:where ~t is the transverse magnetic field to the z axis.

Powey Transfer in TE Waves5

WT,Z = ~ WTi z ZTE1 ~
s

Hai2ds.
.=1 PC2 ‘i=lC.s.

The average power transfer for the T-septate

line is:

JVTT = ~ WT, E ZTEK ~
f

Hg%’ds,,
i= 1 B.z i=l ..8.

(11)

lunar

(12)

The average power transfer for each region in

propagating range is, as usual, obtained from

Poynting vector:

the

the

(9)

(10)

Using the divergence theorem, (9) becomes Power Loss Per Unit Length in TE Wazles

When the conducting boundaries are imperfect, and

an exact solution requires the use of Maxwell’s equations

in both the dielectric and conducting domains of the

waveguide, it has not been found possible to solve for

the general case. Fortunately, most practical conductors

are good enough to cause only a slight modification of

the ideal solution and the approximated formula for the

dissipative attenuation constant a can be used:

TT’T, = ~ ZTE $

c

{s s

P’i-l r3Hs&
“ B.’ Hz,’ds + Ha, — dp

C.s. Po pa+

J
P< 13H,,

— Hz, 1}—dp <

Po pd+ +=4i

(13)
5 S. Ramo and J. R. tt’hinnery, “Fields and Waves in Modern

Radio, ” John Wiley and Sons, Inc., New York, N. Y., pp. 47, 240,
344-354, and 358; 1953.
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To compute the average power loss per unit length,

the current flow in the guide walls must be known; it is

assumed to be the same as that in the ideal guide. By

the ~i X ~ rule, there is an axial current arising from the

transverse component of the magnetic field and a trans-

verse current arising from the axial magnetic field at

the boundary.

Hence, the power loss per unit length for the ith

region is,

IJ;::4%$’P’cL,

(14)

where i?.b is the surface resistivity of brass and R,c is

the surface resistivity of copper.

The power loss per unit length for the lunar line is:

(15)

The power loss per unit length for the T-septate lunar

line is:

WLT = z % WL,. (16)
,=1

Attenuation Constant

By substituting the power loss and the power transfer

into (13), the attenuation constant a can be obtained.

Both the denominator and the numerator of the attenu-

ation constant are a series summation of the ith region.

The coefficient C of different regions must be in terms

of the coefficient of one region. Using the orthogonality

of the function Zfl,, C,+l can be written in terms of

C,. z,s Thus:

sin ~,(~~ — a~) 2p%
Ci+l = c,

sin ~,+l(~; – a,+l) [lP,+I(P,+l) – JPz+,(po)]

BcPizPL(6cPL)z’P, +,(BcPt)

[(PL+J’ – (PJ21
(17)

where Pi+l > pi, for both lines,

CSPS sin Pi(+z–as)
c1 = ? for the T-septate lunar line (18)

vP, sin fl(du–-al)

and:

2CSp3 sin P,(4, – as) _

c’= [sin p,(~a – *2)] [IP,(PO) – IP,(pJ]

“{

~.pbz~,~~,p’)z~,’(~.pb) PA-G (LLPJL,’ (6CPJ

(p3)2 – (P2)’ – ~[(Pl)’ – (P2)21 - }

for the T-septate lunar line. (19)

The lP, (p) function represents an integral,2’3>G thus:

s

dp
1 [lP”(PJ – ~Pi(Po)l.‘%ZP,’(6JCP) ; = ~ (20)

Po

The coefficients of the ith region of the lunar line can

be written in terms of Cl and the coefficients of the ith

region of the T-septate lunar line can be written in

terms of C3. Therefore, the coefficient Cl or Cs of the

summation of the denominator and numerator of the

attenuation constant can be factored out and cancel

each other. Then, (11) for the lunear line power transfer

becomes:

‘v’L=c’2”(;)2/1+)2WF(’’-”]) 2pjP.PizP] (6.PJz’fJj+l (@cP,)
2

sin p~+l(o, – aj+l) [~l,+l(,o~+l) – ~P, +I(PO)l [(Pi)2 – (Pf+J21H

SsPi +i

.

}

Zpt’(o,p) Cos’ pl(o – aJPdPm .

PO +%-

(21)

Similarly, (12) for the T-septate lunar line power

transfer becomes:

GC,. N. \\7atson, “A Treatise on the Theory of Bessel Functions, ”
Cambridge LTni~-ersity Press, Mass.; 1958.
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wTT=,(JJ@- (+y{c,2Jp:f;z,?(,cp)cos2,1(4

u’~c22 PC @

Z,,’(f?Gp) Cos’ ~2(@ – Cq)pdpd+
P2 41

Lunar Line

— CY1)PLW4J

The power loss in the ith region is evaluated along

the paths of line AB, arc BC, and arc GH as shown in

Fig. 3. The actual path is arc D3Z and GH. In order to

simplify the computation, arc BC is extended to F so

that arc BP equals arc DE, that is:

Pt(4%* – 4?-1) = PO’(A’ – @i-l’). (23)

Fig. 3—The ith region of a lunar line or of a T-septate lunar liue.

The angle P; is calculated from the angle @i when the

origin point o transfers to the origin point o’.

Then, (15) for lunar line power loss will be reduced

to:

~~’~~= C,zii{{ ~ {s@=J– 2#JB.Pfzp,(BcP?) z’p,+l(6cPj)
2

sm &j+] ($b, – af+l) [~P,+I(PJ~l) – 12j+l(PO)l [(tJ)2 – (PJ+1)2111

247

(22)

(24)

where:

{

1 for i = 1
~i, =

.0 for i # 1,
(25)
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Similarly, the bar of regions 1 and 2 in the T-septate

lunar line is extended to its actual length, and (16) for

the line power loss is reduced to:

[

dO*

“ pl’ ~ L,20%P.)
s

sin’ PI(O — al)d@ + &~c2 COS2P1(#o — al)
s

‘azpl’2(i3cP)dP

pa +, PI 1}

+c2’Rsb{p,zp;(P.p.,~: sP. (,)2[1 -(21
COS2p2(4 — cw)do + COS2p2(dn — d Z@g2(/?Cp)dp+ ~

P* c ~.’

[-

. p,z sh sP.

zp,’@cpG) sin2 P2(4 — az)dy + @G2Cosz Pz(@l — az) ZP2’ (f?.p)dp
Pc +1” 1)

sin pj (@j — q)
+ C32~

{{ {

~—~
2PiBcPiz=,(PcP~) z’2,:1(BcPf)

2

,=3 g
sin Pj+l(@j – OJJ+l) [~p,+l(pj+l) – ~Pj+~(Pb) ] [(Pj) 2 – (@~+I) 21}}

{ s4$* (q [’-(;)21p~
“ [R,z@&,2(@,P;) + &PbzP,2(&Pb)] COS2 pt(d— aJdc#l+ —

4,–1 f. PC2

“{[

4.*
~ Z,i’(pcpi) + ~ zp,2(&pb)IS }}sin2 P,(4 — a,)df#J .

Pi Pb +i–1

The attenuation constant for the lunar line is ob-

tained by substituting (21) and (24) into (13). Sim-

ilarly, the attenuation constant for the T-septate lunar

line can be obtained by substituting (22) and (26) into

(13).

SAMPLE COMPUTATION

The angle +;* and the coefficients C~ of both lines are

computed and listed in Tables I and II. Let,

A=~
s

BZ%2ds, (27)
i c., .

(29)

The values A, B and C are computed by usings data

found in Tables I and II; the surface resistivity5 of brass

is 5.01 X 10–7~}, and the surface resistivity of copper

is 2.6X 10–7V’”. The results are listed in Table II 1.

The attenuation constants of the lunar line and of the

T-septate lunar line can be simplified to:

{(2’+[1- (+)21; )4,
~=

2(377)Ad1 - (32

(30)

(26)

X 8.686 X 12 X 10–7 db/ft.
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TABLE 111

A, B, C, PARAMETERS OF mm LUNAR LI~E AND OF THE T-SEPTATE
LUNAR LINE

Lunar Line T-Septate Lunar Line

A 1.24 2.22
B 17.65 35.84
c 3.42 4,84

I I

c
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Fi~. 4—Attenuation of lunar line vs frequency.

10 I
9

F-’

–-—t- ——+-+ ——– i..—...
!

n ._-—— L—
,. +~

I

7 —+—.— +—
_i–—ti -- ‘———A—.

6 --——-+---..-,. —— ——_L______

.s --- .-——+—–--..—.——.+— ——— . . . . . . .. ———.. —.-–. — _

= t

g4 — -—---–- -— ——. .=. ——-—: ;

T
i

m
=3 —. .— —.. — ———_. —_____

,X experimental ~
.s

‘x f - theoretical

22 —— ——— ———i-.–————..——— &---
0
z

E
v

c
g

L!!’”

;1——----- -_..: ~-- .- —_—-—..—_._—_ ___ _

9 .—— A -—*-----—– -- ---- -—----
28

—

.> —.. — . ..—. — . ..— —— —.—

t- ---+ ‘--- :“’- ~
:,,

e —- -———L—— ——- . ... . . ..

51
800 !000 1200 !400 1600 ,803

Frequency !n tdC

Fig. 5-—Attenuation of T-septate lunar line vs frequency.

The attenuation constants are computed for clifferent

frequencies and the theoretical curves are plotted in

Figs. 4 and 5.

EKFERIMENTAL hfE.kSUREMENT OF T~IE T-SEFTATE

L~TNAR LINE ATTENUATION CONSTANT

The power-ratio method7 ‘g was used to measure the

attenuation constant of a T-septate lunar line at sev-

eral different frequencies (Fig. 6). Both ends of T-

septate lunar lines A and B in Fig. 6 were terminated

in a short circuit, and the length L between ends was

adjusted to be a multiple of a half of the waveguide

wavelength. Preliminary attenuation-constant meas-

urements were made exciting the field in the guide with

one probe and measuring the power with another. How-

ever, mechanical difficulties associated with changing

the position of the probes in the waveguide made meas-

urements with adjustable-loops more convenient. The

length 1 of the loop transition between the coaxial cable

and the T-septate lunar line is approximately one

quarter of the waveguide wavelength so that the maxi-

mum magnetic flux is linked from, or into, the lunar

line; the leads from the loop are taken from the short-

circuit end. Because the input impedance of the loop

transition was not the desired 50 ohms, a double-stub

tuner was used to achieve an impedance match and the

maximum power transfer. The double-stub tuner and

the loop may be considered as a combined transition

unit.

The input power at T-septate lunar lines A and B
was kept equal and constant during tests at the same

frequency. The length 1 of the loop transition was set at

3 inches, and the input frequency was varied to get the

maximum output power. The optimum frequency is

1140 Nlc and is measured at a waveguide wavelength

of 12.8 inches. The length L1 of T-septate lunar line

cavity A was then readjusted for the maximum output

power. The output power reading PI was taken when the

double-stub tuner had been adjusted to obtain the

lowest VSWl? below 1.06 for the input and output sides.

The output power reading P, was taken after carefully

switching the test set-up from line A to line B and

changing the length Lz of cavity B for the maximum

output power. The cable connecting the tuner and the

loop must be the same length for test line .4 and test

line B. Therefore two T-septate lunar lines must be

used to avoid changing the cable length.

The attenuation constant a is a measure of the dissi-

pative attenuation per unit length of the line, and is

given by:

(31)a = [10 loglo (F’2/’l’1)]lAL db,/ft

where AL is the difference between LL and Lg.

7 C. G. Montgomery, “Technique of Microwa~e Measurements, ”
McGraw-Hill Booli Co., New York, N. Y., pp. 680-805; 1947.

8 E. L. Ginzton, “Microwave Measurements, ” McGraw- Hill Book
Co., New York, N. Y., pp. 467-470; 1957.
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nh, .15B

St. nd, n.j

w.”.

Fig. 6—Block diagram of a method to measure the attenuation
constant of a T-septate lunar line.

Loop transitions of three different lengths were

tested. The attenuation constants obtained from direct

measurements of the power ratios of the two T-septate

lunar lines are plotted in Fig. 5. The values calculated

from direct measurements agree with those obtained

theoretically.

DISCLTSSION AND CONCLUSION

The attenuation constant, size, weight and power-

handling capability of lunar line and T-septate lunar

line are compared with a rectangular waveguide and a

ridge waveguide as follows: the theoretical attenuation

constant of the lunar line made of copper and brass is

about 0.7 db/100 ft at 2000 Mc. If the lunar line is made

completely of copper, the attenuation constant will be

approximately 0.4 to 0.45 db/100 ft which is the same

as the theoretical attenuation constant of Microwave

Development Laboratories rectangular waveguide Type

WI1-430. However, the cross section and width of the

lunar line are only about l/1.5th that of the WR-430

waveguide.

The attenuation constant of Airtron Inc.g aluminum

double ridge waveguide ARA-I 109 at 2000 Mc is

0.97 db/ 100 ft, and its peak power handling capability

is 14,000 watts. The attenuation constant of Airtron,

Inc., aluminum single ridge waveguide .50375 at 2000

Mc is 5 db/100 ft and its peak power handling capa-

bility is 1500 watts. The attenuation constant of lunar

line is about the same as ARA-1 109 double ridge wave-

guide and its power handling capability is greater than

ARA-1 109 waveguide. Both attenuation constant and

g T. N. Anderson, ‘(Rectangular and ridge waveguide, ” IRE
TRANS. ON MICROWAVE THEORY AND TECHNIQUES, vol. MTT-4, pp.
207; October, 1956.

power handling capability are better than 50375 wave-

guide.

The theoretical attenuation constant of the copper

and brass T-septate lunar line is about 0.9 db/100 ft at

1000 Mc. If the T-septate lunar line is made completely

of copper, the attenuation constant will be approxi-

mately 0.5 to 0.6 db/100 ft. The attenuation constant

of Andrew rectangular waveguide Type 975 which is

made of copper clad steel is 0.11 db/100 ft. Therefore,

although the attenuation constant of the T-septate

lunar line is about 5 times that of Type 975 waveguide,

its cross section is only about +th that of the 975 wave-

guide.

The power handling capability of six-inch outside

diameter T-septate lunar line, which has twice the cross

section of the line in this analysis, was tested. The peak

power was about 4 megawatts. T-septate lunar line

broke down at the center outside surface of the inner

conductor.

For aircraft application, in order to increase the

power handling capability of waveguide components of

radar systems, pressurization must be introduced. Un-

fortunately, rectangular waveguide is almost the poor-

est possible shape for pressure vessel design. But, lunar

line can be pressurized without deformation. Another

advantage of lunar line is that it does not suffer from

the dielectric losses and the bead flashover by insulators

as does rigid coaxial line.

The attenuation constants of lunar line and T-septate

lunar line are greater than that of the rectangular wave-

guide, but a<<~ and a lost tangent~,l” tan tli<<l, still

hold. Therefore, the dispersion due to phase velocity or

phase constant will be approximately the same as

rectangular waveguide.

The fabrication of lunar line and T-septate lunar line

is easier than rectangular ridge waveguide.

From a practical consideration, lunar line and T-

septate lunar line are likely to have their greatest appli-

cations in 200–2000 Mc frequency band.
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