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A

An exact dispersion relation is presented for a waveguide with

resistively-coated dielectric slabs parallel to, and against, either pair of

guide walls. The current in the resistive films is assumed to be a sheet

current. The accuracy of such approximations is demonstrated by measurements of

insertion loss through an experimental structure. Agreement is shown to be par-
ticularly good when the surface resistance is optimum for greatest attenuation,

IHTRODUCTION

Resistive metallic coatings for attenuating undesirable waveguide modes
propagating in the beam pipes of particle accelerators have an advantage over
the more usual damping materials, such as ferrites, in that they can be employed
inside the focusing magnetic fields. Whilst the transverse location of a film is
constrained so as not to obstruct the beam, the film resistance is free to be
optimized for highest loss in a particular band. To do this, the modes supported
in a waveguide structure such as that shown in fig. 1 were studied. The approxi-
mate power loss method is not capable of providing the optimum loss, hence here
the structure will be solved exactly. (N.B. An elaborate transverse resonance
method [1] is another approach and is particularly useful for several films.)

Figure 1: A dielectric-~
loaded waveguide with
resistive coatings on the
air-dielectric interfaces
of each slab.

Rg Ohms
/square

The structure in fig. 1 need not necessarily have dimension b less than
a. This treatment is thus applicable to both E- and H-plane!) loaded wave-
guides. A field description in terms of hydrid modes (five-component fields)
[2], [4)] was found to satisfy this structure. These hybrid modes are of two
types: one with Hy, the y-component of H, equal to zero, so-called LSM {longi-
tudinal section magnetic) mode, with all field components therefore derivable
from Ey, the y-component of E; the other having E = 0, the so-called LSE
(longitudinal section electric) mode, with all utﬁer field components determined
from Hy.
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1) The terms E- and H-planes refer to the planes of E and B in the dominant
mode of an empty guide.
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If a separable solution is assumed, then by the continuity of components of
E tangential to the dielectric surface, the fields will have identical x- and
z-dependences in the three regions. Hence a field parameter may be written:

:i [“t-kzi ]

¥e"® = (2 sin(kyx) + B cos(kyx)}{C sin{kgy) + D sin(kyy)}e (1)

where ¥ = EY for LSM fields or ¥ = Hy for LSE fields. It should be noted that

; k; and coefficients C and D may ge complex. C, D and ky take the appropriate

subscript (I, II or III, see fig. 1) according to the position of the freld
point because the y-dependence is clearly not identical in the three regions.

If the metallic walls at x = ta/2 are considered, i.e. making ky take
discrete values, the separation equation may be written:

(kyr = {'wznwm-ltll.w'a]z-lhif--.}"'2 ‘and ky11 = {“asuuntr-[nrfaiz-ké}'Iz* (2)

where m is an integer and @ is the angular frgquencr of the wave.

The metallic walls at y = #b/2 require Ez = 0. For LSE we have E; in terms
of Hy by:

Eg kz AT i (3)
X z
and for LSM we have:
Exn— 1 .ﬂ {4}
jwegeyp 5% !
but
&
Hx:-u-—-juener s . {5}

kZ + k2 &z

It only remains for the dielectric - air interfaces with their resistive films
to be accommodated. If an isotropic and very thin film is assumed, i.e. one for
which the skin depth is much greater than the thickness, a sqguare resistance,
Rg, can characterize the film. The consequent sheet current flowing in response
to the tangential electric field causes a discontinuity in magnetic field
components tangential to the interface such that:

e < B TR ()
and
E
Hz, - By_ = ij’: . n

where the subscripts + and - denote the field points just above and below the
interface, respectively. These boundary conditions (actually, only one is needed
for isotropic films) can be written in terms of the original field parameters.
For LSM modes, eguation (7) becomes:



1 &
j-l-ltn{t;__E:f_ - ‘r+E¥+} = E = ay N IE’
and for LSE modes, equation {7) becomes;
-1 5H 54 1
—te e ekl = —
L ; e - 5 } & )

with ++II and -<I at y = +c/2 and with ++I and -»II at y = -c/2.

With regard to the continuity of the normal component of electric
displacement, it should be realized that equation (8) states precisely this in
the limit of infinite surface resistance,

Eliminating the coefficients, it is found that, for each mode type, the
constraint on k; for the consistency of the boundary conditions may be satisfied
in two separate ways: one if Cyy # -Cryr and the other if Cy1 # Cyyy . That is,
the eigenvalue equations for LSM and LSE modes both factorise into two. The two
solution sets correspond to non-anti-symmetzic and non-symmetric fields with
reapect to y.

If the separation equation (2) is used to determine kyr and kyyy from ky
the following conditions for consistency become the dispersion aquat}nns for the
various modes,

For LSM, non-antisymmetric (Cr; # -Cyy):

3 c ik
kyI‘r mttkﬂld} = -kTII ;mt[kﬂ E] + nﬂ-—%:nl (10)
For LSM, non-symmetric (Cry # Crrrl:
c Jkyr
kyrer cotlkyrrd) = kfII ltnn{kfl 3] - iEEEn (11)
For LSE, non-antisymmetric (Cyr # -Cyyyp):
c Jupg
k}"II I‘.'nt[kYIId} = kYI tan[k],:[ i] - Rg {12)
For LSE, non-symmetric (Cyy *# Cryp):
c :
kyrr cot(kyrrd) = kyp cot(kyr 5) - ’::' (13)

For example, the TE'? like mode, for b > a, in an E-plane loaded guide is
actually a solution to equation (12). If, for Rg + = equation (10) is combined
with (11) and (12) with (13) then they become identical to thedispersion
equations presented in [2] for symmetric dielectrics adjacent to the wall.

HUMERICAL RESULTS

Figs. 2 and -3 show the imaginary part of k; satisfying the LSE equation
(12) for a particular guide (with cut-off at 1 GHz when empty) with E-plane
slabs and films. These are believed to be the least attenuvated modes supported.
The optimum resistances are evident. The attenuation achievable is strongly
enhanced by having films displaced away from the wall, If the film resistance is
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high (i.e. greater than optimum), then the attenuation is further improved by
loading the side sections with dielectric, This suggests that the majority of
power flows along the central section I, provided it is not below cut-off as in
the upper curve of fig. 2. The attenuations for high resistance cases were found
to be ‘asymptotic to Power Loss Method estimates [3].

Figs. 4 and 5 show the solutions to some H-plane loaded structures. The at-
tenuated modes are given by the LSM equation (10). Their comparison reveals, the
dependence on film positions to be stronger than the influence of dielectric
permittivity, although it is the dielectric which causes the E field components
" responsible for the losses. The phase factors undergo a transition at the opti-
mum but otherwise they are nearly constant, suggesting that, for resistances an
order of magnitude away from the optimum, & power loss method is reasonably
accurate., The frequency dependence of the loss reverses near the optimum case.

EXPERIMENTAL VERIFICATION

Figs. 6, 7, 8 and 9 show, as the solid lines, the attenuation observed
between two launchers in an L-band waveguide loaded, for part of its length,
with various dielectric slabs and conductive films (10 pm thick carbon films on
thin alumina substrates). The launching antennas were well matched to the guide
and the return loss was measured to be weaker than 20 dB, hence the observed
transmission loss should correspond to the attenuation predicted by equation
{12), for E-plane loading, or eguation (10), for H-plane loading (predictions
are plotted as circled dots). This assumes that no energy is carried by attenu-
ated higher modes. This is the case over a limited band. The cut-off frequency
of the loaded section is obscured by the higher cut-off of the preceding empty
guide sections. In a lossy waveguide the cut-off iz not well defined but rather
a smooth transition.

These results and those for several other structures gave good agreement;
particularly near optimum resistance and also for E-plane films with no loading,
provided there exists a good electrical contact between the edge of the film and
the guide wall. Low-resistance films (<20 2/square) in the H-plane configuration
do, however, support more than one mode of low attenuation; one with power
flowing mainly through the dielectric and another via the guide centre, giving a
complicated interference. Where the fit is poor, the equations under-estimate
the loss. The effect of higher order modes is, in general, to increase losses,

CONCLUSION

The dispersion equations {(10), (11), (12}, (13) together with (2) are ana-
lytically consistent for extremes of Ry with the more familiar modes of the ap-
propriate lossless structures. Numerically, their solutions converge to Power
Loss Method estimates of attenuation in the limit of large Rs;. Experimentally,
the LSE sclutions are well supported for all the E-plane film resistances
tested. The LSM solutions closely predict the attenuation due to an H-plane film
for resistances near and above optimum., The experiment further suggests that
more attenuation is available from a film which is insulated from the quide
walls by an air gap. Such films may be readily deposited om parts of the sub-
strate of a micro-strip eircuitto prevent cavity modes, thus allowing it to be
encloged, :
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