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The reflection prope rti es of poss ible suitable s tructures, for producing small accurately con­
tro ll ed re fl ec tions in rectangular waveguide, a re examin ed and a choice made of cylindrical posts for 
a more detai led s tud y. 

A numbe r of sources of e rror du e to ohmic loss, positioning and s hape are inves tigated, and it is 
shown th at both the indu ctive a nd capac itive post can meet reaso nable specifica tions but that the 
latter is the more suitab le on almos t a ll count s. Attention to pos t s ize a nd tilt is nece~sary, but the 
accuracies needed li e well within th e ran ge ac hi evable by good engineering practice. 
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List of Principal Symbols 

a rectangular waveguide broad dime nsion, 
ax, ay 

b 
d 
] 

k 
k' 
r 
R 
T 
x 
X 
Z 
0, tl 

unit vectors, 
rectangular waveguide narrow dimension, 
post di splacement from guide wa ll , 
(- 1)t/2, 
wave numbe r in free s pace, 21T/"A., 
wave numbe r in waveguide, 21T/"A.!I ' 
post radiu s, 
re Rec tion coeffi cie nt , 
trans mi ss ion coeffi cient , 
se ri es reac tance (normalized), 
parallel reac tan ce (normalized), 
pos t impedan ce (normalized) , 
co rrection factors due to pos t co ndu ctan ce 

(see eqs (4) and (12)) , 
free space wavele ngth , 
guide wave le ngth , 
post tilt a ngle, and 
post co nductivit y. 

1. Introduction 

The aim is to exa mine st.ru ctures which can produce 
an accurately determined "standard" re Rection in an 
otherwise matched rectangular waveguide. The volt­
age reRection le ve l required is in the range 0.001 to 
0.01. Th e s tru ctures should be simple and reliable to 
construct , be ca pable of being accurately calculated , 
and th e un ce rtainties due to the unavoidable errors in 

* An invil t:d paper. 
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Harluw. Essex. Engla nd . 

assemb ly s hould be known within limits whi c h e ns ure 
adequate mainte nan ce of the expected re fl ections. 

2. Possible Structures 

The re are, of co urse, an unlimited number of s tru c­
tures which could be co nte mplated for the purpose of 
producing a standard re Rec tion of s ma ll magnitude . 
Almost any slight di sturban ces to the guide will suffi ce. 
S mall pe rturbation s can be accurately calc ulated , and 
provided th ey can be reliabl y made and meas ured , 
could form the bas is of a s tandard re fl ec tion. 

In order to keep thi s survey within reaso nable 
bounds, a suita ble selec ti on from the possible forms 
mu st be mad e. We shall excl ude a ll di electri c in serts 
on th e gro unds that, in addition to th eir geo metry, an 
accurate fi gure for the di electri c cons tant needs to 
be known over a work in g te mperature range. This 
makes such inserts possib ly unsuitable as a s tandard. 

Th e sha pes whi ch lend the mselves readily to both 
calc ulation and to mec hanical construction include 
indu ctive and capacitive rods and diaphragms. How­
ever, the diaphragm insert, in addition to re quirin g 
a correction for its finite thickness , has the co m plica­
tion that it contains two sharp edges. Since the s harp­
ness can never be precisely defined, thi s mak es it 
difficult to estimate errors arising from de partures 
from a perfect geometrical form. Moreover, a very 
high current density flows at the s harp edges, making 
a possible loss contribution to be conside red. For 
these reasons we will leave out th e diaphragms from 
this survey. 

We shOal] examin e the inductive and capacitive rods 
111 the next two sections. 
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3. Inductive Rods 

3 .1. The Post Reactance 

A rod of radius r is placed across the guide a di s ­
tance d from one (narrow) guide wall as shown in fi gure 
1. Weare interested in small reflections, and therefore 
both d and r will be small. The dominant expression 
for the obstacle reactance X, which is connected with 
the reflection R by R = - 1/(1 + i2.X) is 

X = 2~!I cosec2 {7Td/a){log [(2a/7Tr) sin (7Td/a)] 

- sin2 (7Td/a) . (2+ k2a2/7T2)+ k2d2[ -log (27Td/a) 

+ 3/2 + 7T2d l /36a2 ]} (1) 

This is eq (2.16) I of the publication cited in footnote 1 
and is suitable for use for small d, giving large X and 
hence a small reflection. A more rigorous form is eq 
(2.14) [1] and a numerical calculation may be neces­
sary in particular cases to confirm that eq (I) is suffi­
ciently accurate. 

3.2. Errors of Positioning 

As an extremely crude, order of magnitude, approxi­
mation, eq (I) may be put in the form 

X = I/{7Td/a)2 (2) 

which shows that R is proportional to d 2 • An accurate 
placing of the rod is therefore necessary. To give 
R = 0.001, we need d = a/IOO. In a 2-in guide this 
gives d=20 mils; and a I-mil error in placing gives 
rise to a 10 percent error in the reflection. This may 
seem large, though it is actually only a 0.0001 reflec­
tion, which is likely to be of the same order as effects 
due to other errors in the system. However, it seems 
undesirable to permit a 10 percent error, and either 
a more accurate construction is needed or else an 

- 2r I---

alternative structure which is less sensitive to posi­
tion. (Of course, jig-boring to a much better accuracy 
than 1 mil can be achieved if it is really required.) 

When R = 0.01, d is about three times larger, and 
the relative error in reflection is about 3 percent for 
a I-mil positional error. 

3.3. Post Tilt 

If the post is set at an angle e to the normal, the 
effective field at the post is reduced by a fac tor cos e, 
while its effect back into the guide is reduced by the 
same amount. An estimate of e might be, for example, 
1 mil in 1 in giving e= 10- 3 rad, for which cos 2 e differs 
insignificantly from unity. 

In addition to this effect, a cross-component of 
electric field proportional to sin e will introduce a 
capacitive post effect, proportional to both sin2 e and 
the square of the post radius. This term is completely 
negligible. 

3.4. Finite Post Radius 

A higher-order correction to eq (1) is given by eq 
(2_43) of footnote 1. For small rand d the fractional 
correction is, very approximately, f2 /d2 _ Thus if d= 20 
mils in a 2-in guide (to give a 0.001 reflection), the 
percentage error, if the wire radius is 5 mils, is about 
7 percent. For a 0.01 reflection, d in this example is 
about 60 mils and an error of about 1 percent can be 
expected. If these errors are too great to be tolerated 
for a particular application, equation (2 .43) should be 
used in preference to eq (1). It may also be desirable 
to use a somewhat larger wire diameter, in which case 
the more accurate formula should definitely be used. 

3.5. Finite Post Resistivity 

In appendix 1 it is shown that the effect of a con­
ductivity 0' for the post material leads to the normalized 
impedance of the post,iX, being augmented to 

Z =(1 + i)k' a/[87Tkr sin2 (7Td/a)(30.\.0')1/2]+ jX (3) 

Since X = O( 1) /sin 2 (7Td/a) , the fractional correction 
due to finite conductivity can be estimated from the 
expression 

Ll = k' a/87Tkr(30.\.0') ti2 (4) 

As an example to show the order of magnitude, take 
r=I mm, a=5 em, .\. = 7.5 em, 0'=5.105 mho/cm. 

z 

/ 
I • 

Then Ll = 10- 4, and the effect is completely negli­
gible. The post radius would have to be quite minute for 

x an effect to show up . 
I I 

a .1 3.6. Conclusions for Inductive Post 

FIGURE 1. Inductive post. 

• Lewin. L .. Advanced Theory of Waveguides. pp. 26. 27. 35, 44. and 77 (lliffe and Sons . 

Of the four possible causes of error considered, the 
effects of tilt and post resistiviW are negligible. The 
corrected formula (2.43) (see footnote 1) for finite 
post radius should probably be used , in which case, Ltd .. London. 1951). 
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no error should occur from thi s ource. Due to the 
rapid rise of the reflection as th e pos t moves away from 
the side wall, a very accurate po itionin g is needed, 
but this should be within the bound s of good engineer­
ing practi ce. A poss ible furth er so urce of error can 
come from the contact where the pos t mee ts the guide. 
If this is soldered , the quality of th e contact may not 
be known for certain , and possible further effects due 
to the extrusion of solder into the guide may occur. 
The latter may be avoided by using a technique in 
which the rods are very slightly oversize, are shrunk 
in liquid nitroge n, and then allowed to expand in situ. 
The uncertain e ffec t of the contact resistance remains, 
however. 

It is concluded that the inductive post is a possible 
but not ideal solution to the proble m. 

4. Capacitive Rods 

4.1. The Post Reactance 

Equations (2 .74) and (2.75) (see footn ote 1) give th e 
series and parallel co mpone nts of the equivalent cir· 
cuit. (Note that k must be re placed by k'.) The formulas 
contain correction terms du e. to the finit e post radiu s. 
Ignoring these for the mome nt , we have two equal 
series arms of normalized reactance magnitude 

(5) 

and a parallel arm of magnitude 

x = - b/(2Trk ',-2) (6) 

The reflection and tran smission coeffi cie nts are given 
by 

jx = (1 + R - T)/(1 - R + T) 

j (X +tx)=-t+ 1/(1-T- R) 

To terms in ord e r r2 thi s gives 

(7) 

R = j[x + 1/ (2X)] = - j3Trk ' r2 /2b (8) 

For example, if b = 2.5 cm, A = 7.5 cm, then r = 1 mm 
for a reflection of 0.01, and corres ponding values pro­
portional to ,:2 for differe nt radii. 

4 .2. Errors of Positioning 

Th e formula quoted is for a ce ntral post , and there­
fore cannot be used for estimating positional errors. 
On general grounds , however , it can be said that if an 
obstacle is placed at a position d where the rele vant 
mode has a magnitude <P( d), then th e variation of the 
reflec tion with d will involve <P2(d) as th e dominant 
effect. This can be seen from eq (1), for example, where 
the factor cosec2 (Trd/a) in the reactan ce (which is in­
verted for the re fl ection coefficie nt) comes from 

<P(d)= sin (Trd/a) , the form of th e dominant waveguide 
mode. 

In the prese nt case, the dominant mode is unvarying 
with d, since it is constant acros th e guide. Except 
for proximity effects wh en d is ve ry s mall , th ere is no 
other variation. Hence, for a ce ntral post (and there 
seems no point in taking it off cente r), no errors of 
positioning need be expected. 

4.3. Errors of Radius 

Since Rrx r2, we have, for small errors or, oR 

oR/R = 20r/r. (9) 

An error of 1 mil in a 25 mil radius post gives a 4 
percent reflection error. Since rods can certainly be 
turned to a much greater accuracy than this , errors 
due to incorrect post diameters can certainly be made 
negligible. 

4.4. Finite Post Radius 

The correc tion terms to eqs (5), (6), and (8) are of 
relative order (k' r)2, or about 1 percent. This is probably 
negligible, but resort to th e exact formulae in any 
particular case will give the correct r e fl ection . 

4 .5 . Finite Post Conductivity 

As with the inductive pos t, the e ffect on rods of 
practi cal size is co mpletely negli gible . 

4 .6. Post Tilt 

If the post is tilted at an angle e, as s hown in fi gure 2, 
a co mpone nt of electri c fi eld proportional to sin e is 
se t up along the post. This will excite the pos t as if 
it were in the inductive position, giving ri se to a post 
current whi ch will reradiate back into the guide by an 
amount containing a further fac tor sin e. The analysis 
is given in appendix 2, where it is shown that an ap­
proximation to the reflection is 

oR = db sin2 8/[(k' b)2 log (Trr/2b)]. (10) 

-
~ /8 

- - .-
2r 

t 
z 

./ -
a 

FIGURE 2. Tilted capacitive post . 
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If we take b=2.S cm, r=l mm, A=7.S cm, then 

oR = - sin2 () (11) 

An estimate of () might be 2·mils error in 2 in, () = 10- :3 
radian and oR = -10-6 , and is only 0.1 percent of a 
reflection 0.001. We can therefore conclude that the 
effect of tilt can be made negligible. 

4.7. Conclusions for Capacitive Post 

Of the five possible causes of error, the effects of 
positioning and finite conductivity are completely 
negligible, while the effects of tilt, though potentially 
harmful, can be completely avoided by the achieve­
ment of the accuracy accompanying good engineering 
practice. The second-order corrections to the formulas, 
as given (see footnote 1), though probably negligible, 
can be readily calculated and allowed for. 

The remaining source of error lies in the possible 
errors in machining the post diameter to size. The 
example used a I-mil error in a 2S-mil radius post, 
but it should be possible to achieve an order of mag­
nitude better if it is really needed. 

A possible source of error due to the post buckling 
has not been investigated, since this should not occur 
with a well engineered design. However, the axial 
(inductive post) effect should cancel to a first order 
for a symmetrical buckling, while the displacement 
effect should also be quite negligible. 

Since no axial current flows in the capacitive post, 
the condition of the soldering at the ends seems to be a 
minor factor. The shrink-on process should be ideal 
here, though it would be as well to take precautions 
against buckling during the final expansion. 

It is concluded that the capacitive post has all the 
requirements of a suitable low-reflecting obstacle­
ease of accurate manufacture, absence of effects of 
positioning or other undesirable geometrical factors, 
absence of severe contact effects, and a fairly straight­
forward formula for the reflection. It also has the con­
siderable advantage that undesirable higher-order 
modes are rapidly attenuated along the guide. 

5. Conclusions 

It is concluded that the central capacitive post is 
an almost ideal solution to the problem of achieving 
standard reflections in the 0.01 to 0.001 range, or, for 
that matter, over a more extended range. 

This study was undertaken under the sponsorship 
of the Radio .:-.) tandards Laboratory of the National 
Bureau of Standards. 

6. Appendix 1 . Effect of Finite Post Conductivity 

The calculation proceeds almost exactly as stated 
in footnote 1 except that the boundary condition at 

the post, instead of being E = 0 becomes 

E = J(30/AU-)1 /2(1 + j)/r = TO, (12) 

(see eq (4_2) see footnote 1). 
Instead of (2.10) we get 

J = sin (7Td/a) / [0 + (607Tjk/a) 

~ cos (m7Tr/ a) - cos (2m7Td/ a)] (13) 
+ rill 

Accordingly, the post impedance becomes 

Z = jX + aM' cosec2 (7Td/a)/2407Tk (14) 

where jX is the reactance for infinite conductivity. 
Equation (4) of the text follows directly. 

7. Appendix 2. Effect of Tilt on Capacitive 
Post 

We assume a capacltIve post located across the 
guide at y= d, the guide being excited by a dominant 
mode of form Eo sin (7Tx/a)ay at the post. If the post 
is tilted at a small angle () from the perpendicular, a 
component of field will be produced along the post, of 
magnitude 

Eo sin () sin (7Tx/a)ax (1S) 

This will cause radiation into the guide much as if 
the post were in the inductive position. We assume the 
field sets up a post current 

i=J sin (7Tx/a)o(z)8(y-d) (16) 

where J is a magnitude to be determined. The Hertzian 
vector has an x-component 11x satisfying 

'V211x + k211x = (1207Tj/ k)J sin (7TX/ a)o(z)o(y- d) (17) 

Assume 11x = 11 sin (7Tx/a) where 11 is independent 
of x. Since E = grad div (ax11x) + k2ax 11x we get, for the 
x-component of E, the equation Ex = k'211x, while 
'12 + k2 == a2/aT + a2/az2 + k'2. Hence 

(a2/ay2 + a2/az2 + k'2)Ex 

= (1207Tjk'2/k)TO(z)o(y- d) sin (7Tx/a) (18) 

The solution to this equation IS obtained as m ref­
erence [1], p. 2S, giving 

Ex =(-j1207Tk'2/kb)J sin (7TX/a) 

:x: • (m7T1 _ (m7TY) e- rll, lzl ~ sm -- SIn -- ---f b b fill 
(19) 
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where f/ll = (m27T2/b2 - k '2) 1/2. Equalin g thi s to the 
negative of the exciting fi e ld (eq 15) a t y = d + r de­
termines / to give zero ax ial tan ge ntial fi e ld at the 
post surface. 

Eo sin () kb x 1 
/ = 60 'p L -I~ [ cos ( IImr/b) -cos (2m7Td/b)] 

7TJ 1 11/ 

(20) 

This current fl ows along the post , i.e. , in the x direc­
tion. Due to the post tilt , a compone nt / s in {} reradiates 
back with polarization in the y direction. The formula 
for thi s radiation is given by eq (2.48) (see footnote I), 
in which the dipole strength M is take n equal to 
(-1207Tj/kb)/ sin (). The dominant mode reradiated 
back into the guide comes from the first term in the 
series of modes of eq (2.48), from which the magn itude 

of the elec tri c field is (- 607T/ b) I s i n (). Inserting for 
I from (20) gives the re fl ec lion due to the tilt 

- k s in 2 () 

oR tilt = 00 1 
k'2 L r [ cos (m7Tr/b) -cos (2 I1md/b)] 

J " 11/ 

(21) 

Taking d= b/2, this formula can be put in th e app roxi­
mate form, suitable for s mall r, 

7T sin2 () (kb) 
oRtilt = (k'b)210g (7Tr/2b) (22) 

whi ch is eq (10) of the text. 

(Paper 72C3-277) 
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