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An Absorber-Wall Parallel-Plate Waveguide

C. M. KNOP, SENIOR MEMBER, IEEE, Y. B. CHENG, MEMBER, IEEE, AND E. L. OSTERTAG, MEMBER, IEEE

Abstract —The electromagnetic fields that can propagate through a
parallel-plate waveguide having absorber walls are investigated, and it is
shown that dominant TMj, and TE{, modes can propagate independently
with both having: a highly-tapered (cosine-type) transverse distribution, a
phase velocity slightly exceeding the speed of light, and very low axial
attenuation, especially for a wall-spacing large as compared to a free-space
wavelength. In other words, such an absorber-guide acts like a corrugated
waveguide having “\ /4” teeth (balanced-hybrid mode) but it does so over
virtually an unlimited bandwidth and with little sensitivity to the absorber’s
characteristics.

I. INTRODUCTION

HE SEARCH FOR A waveguide having both an

E-plane and an H-plane distribution, which is highly
tapered so as to provide virtually identical radiated E- and
H-plane patterns with low sidelobes, has been underway
for over four decades. Excellent technical accounts in
chronological order of the pursuit of dual-mode horns
(circa 1940 to 1976) in smooth metal-wall waveguide to
achieve this end as well as that of later corrugated wave-

guide investigations (circa 1962 to 1984) have been given

by A. W. Love {1], [2] and hence will not be repeated here.
Investigations of waveguides with a low-loss dielectric
lining of approximately a quarter wavelength thick have
likewise been reported [3]-[6], but this approach only
works over a narrow bandwidth and is difficult to put into
practice since it is difficult to fabricate with the necessary
accuracy to prevent excitation of higher order modes. To
the authors’ knowledge, no analytical investigations of
absorber-lined guides were performed for this purpose
(since, perhaps intuitively, a lossy-wall guide is automati-
cally deemed unattractive as a waveguide) until Andrew
Corporation, prompted by their initial “accidental” experi-
mental findings followed by planned experiments, started
proprietary analytical investigations in circa 1980-1981
[7], [8]! This work then provided the motivation to
analyze-construct an absorber-lined conical-feed horn for a
horn-reflector antenna [10}, [11] for which a patent was
filed in 1981 and awarded in 1983 [12]. This antenna
provides virtually equal E- and H-plane patterns across a
continuous bandwidth of over 3:1 [11]-[13]. However, it is
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I These early investigations also included that of a metallic parallel-plate
guide with a lossy-magnetic lining which can also produce the desired
tapering phenomenon (as independently noted recently by C. S. Lee
et al. [9] for such a lining in a metallic cylinder). However, the physical
realization of an absorber lining (lossy-dielectric) is both simpler and
more economical than that of a lossy-magnetic lining, and as such, the
latter is not discussed here.
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Fig. 1. Geometry of parallel-plate waveguide with absorber walls.

the analysis of the simpler parallel-plate absorber model
that readily provides the “physical insight” into the under-
standing of why the E-plane and H-plane tapering
phenomenon occurs and it is this analysis, with associated
computations, that is concisely reported here.

II. ANALYSIS

Consider then a parallel-plate waveguide having ab-
sorber walls spaced a distance d apart and air filled
between the walls, as depicted in Fig. 1. The absorber
walls are characterized by the complex dielectric constant
e’ =€l (1— jtan$8), where ¢! is the real part of the dielec-
tric constant and tan§ is the loss tangent. It is well known
that the wave equations to be solved for the TM and TE
cases are as shown in Table I, where there the subscript 1
denotes region 1 (Jx| < (d/2), |z| < ) and the subscript 2
region 2 (|x|> (d/2), |z| < o), with k being the wave
number in region 1 (free space): k= w\/u_ve—v =27/, A
being the wavelength in unbounded free space (and g, €,
and n,=yu,/€, are the permeability, permittivity, and
characteristic impedance, respectively, of free space) and
where exp[ jwt — v,] variation is understood (where y = o
+ jB is the complex propagation factor in the z direction,
with the subscripts m for the TM mode and e for the TE
mode utilized). The solutions to these wave equations are
straightforward to obtain and are also shown in Table 1
where here we seek only those solutions having transverse
fields which are symmetrical (i.e., even, denoted by super-
script e) with respect to x (since only a symmetrical
transverse source will be used for excitation). The char-
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TABLE I

FIELD EXPRESSIONS AND CHARACTERISTIC (FIGEN-VALUE) EQUATIONS FOR SYMMETRICAL TM® AND TE? MODES IN PARALLEL-PLATE

WAVEGUIDE WITH ABSORBER WALLS

QUANTITY

TM° MODES

TE® MODES

WAVE EQUATION,REGION 1

Ve, + KE, =0

VH, +&H,= 0

WAVE EQUATION, REG ION 2

Ve, + K&E,=0

VEH, + K& H,= 0

AXIAL FIELDS,REGION 1

E, = EsSIN@B x)

Hy = Ho SIN(Bee X)

AXIAL FIELDS,REGION 2

E..= X E:SINGY-expl-xm(ixi- )]

Hen= BrH.SING-exel e 01~ 23]

TRANSVERSE FIELDS,REGION 1

Exj,:ZTM{H]l: ‘Eo'(fg%,\‘ 'COS (ﬁxm X)

E:;l: "ZTE'HX\: gHo(ﬁ,&L)?VCOS(@e X)
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E o= Z M= (&) RS ING-explse (- 2]

WAVE NO. RELATION,REGION 1

V= B -K, (1= %+43)

2= A=K, (L= 4+553,)
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aZ =~ (¥2 + k&)
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CHAR. WAVE IMR, REGION 1
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CHAR(EIGENVALUE) EQUATION

2 [EFTAN G + 1]=-(k 47 1)

e TAN?(he) + 1] =-(R2Y (€ -1)

NOTE : b= Awg = hma +jbnz

NOTE: }\e,?_ ﬁns%:‘ l"eR‘('g'keI

GUIDE WAVELENGTH

A = (d)/{[B+(BEF 4hma kﬁxyh]/z}vg{

Aje, = (Trd)/{;tet + (B: +4 ﬁgu \'?21)‘,2]/23&:%

NOTE: B,= -he +hnr + (R

NOTE : Bo= - hee +her + (k5"

GUIDE ATTENUATION (DB/>)

DBWm= [:8-686 (2 )“J"‘ X"_““_m & hm 1] / (“dl), _

DBW, =[B.686@Ae ) heahes] frd)

N OTE DBWME &686 * (dm Xv)

NOTE : DBWe 28686 (el )

WAVE NO.-REGION 2

Ayen = (£ hm TANGDIA(E)

%o = [ he TAN(he)]/)

ABSORBER AT TENUATION(DR/M)

| DBAB686-L REALPART (4o

DBA = 8686 A REALPART (xe)

SURFACE WAVE TMPEDANCE

ZSTP\ 3 I(E;c/ Hs-)‘nt%.:'ﬂ" hTAN (k,\kfg_-)

zSTE =t (E:-/H;MF tg= ﬂv (k’zi)/&TAN (he)]

RADIATION FIELDS (x3-PLA NEX

E ot~ § o EL 0-explitrSING]
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acteristic (i.e., eigenvalue) equations governing the eigen-
values (h,, = h, g+ jh,; for TM® modes and h,=h ,+
Jh; for TE® modes) are then as given® in Table I.

Using the expressions in Table I, we can then compute
the guide wavelength A, the axial attentuation DBW (in
engineering units, decibels per free-space wavelength for
ease of interpretation), and the attenuation in the x-direc-
tion in the absorber wall, DBA (also in engineering units)
for both the TM and TE modes (for which the above
quantities have the-subscripts m and e, respectively), once
we solve the characteristic-equations for 4, and 4,. Note
that a knowledge of DBA is important since it will reveal
the effect of using a finite absorber lining (backed by
metal walls) in place of an infinite absorber wall, as is
discussed below.

III. SpeciaL CASE OF PERFECTLY

CONDUCTING WALLS

Prior to reporting the computed results we note that, as
a test case, if tand is allowed to increase beyond limit
(representing the case of perfectly conducting walls) then
lef] approaches infinity and the expressions of Table 1

2Note that these equations, though not explicitly derived in the work of
Marcuse [14], can be obtained from it. For example, if, in that work, we
let n=1 and n,=ny=n=yfe and use (13-66) p. 16 and then
(1.2-14) p. 6 to eliminate y and square both sides, we obtain the TM
characteristic equation of Table I Similarly, (1.3-39) p. 13 (and, again,
(1.2-14) p. 6) of that work gives the TE characteristic equation of Table
I. However, Marcuse did not specifically consider the absorber case.

reduce to those of a TEM mode (e, h,=8,,,=0, v, =
jk9 >\gm = >\v’ ZTMl =Ny Exl = T’v'Hyl - e_jkz’ Ezl = E22
= E,, = H,, = 0) for the TM case and to those of the TE,,
mode (i.e., h,=m/2, V.= jk, Ay, =X, Z1g=m,, E,=
—n,Hy~e ", H;=H,=E,=H,=0) for the TE
case, as should be.

IV. DESIRED VALUE OF €

Now, the purpose of this investigation is to see if the
absorber walls can produce highly tapered transverse fields
(ideally vanishing at the walls). From Table I we see this is
equivalent to asking if a value(s) of €° can be found such
that &, and A, either equal w/2 or approach it, since then
a pure cosine distribution (with an infinite edge taper) will
result. This is the basic goal (we note that 4, =h,=7/2
corresponds to a cutoff wavelength of A =27/B8 = 2d).

Analytical examination of the TM and TE characteristic
equations of Table I discloses that a sufficient condition to
achieve this is to make: (a) € >1, (b) 0 < tané <1, and (c)
kd > 1 (see Appendix I). The physical interpretation of (a)
and (b) is to have the waveguide walls made of lossy
dielectric (where neither the values of € or tand are
critical) which is the case for typical absorber materials
(foam impregnated with carbon) which have representative
values of 1.1 <€l <2.2 and 0.05 < tand < 0.7 with a value
of €;=1.4 and tan8 = 0.4 being one which can be readily
made. The physical significance of (¢) is that the wall
spacing be many free-space wavelengths. ‘
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TABLE I1
ROOTS OF h,, AND h, FOR SYMMETRICAL TM{; AND TE{,
DoOMINANT MODES IN PARALLEL-PLATE WAVEGUIDE WITH
ABSORBER WALLS
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V. CoOMPUTATIONS OF FIGENVALUES AND
TRANSVERSE FIELDS

Fortran programs have been written to solve the char-
acteristic TM and TE equations for the eigenvalues £,
and h,. Specific cases of interest ran were for: €l =1.40,
tan 8 = 0.4 with d = 85.5 in, 20.0 in, and 10.0 in for f = 3.95,
6.175, and 11.2 GHz since these values are of extreme
commercial interest (as they approximate those used with a
conical waveguide having a maximum diameter of 85.5 in
and a minimum diameter of 10 in which comprises part of
the conical-horn feed for the previously mentioned horn-
reflector antenna, as discussed in more detail in Section IX
below).

The results for these cases are tabulated in Table II and
indeed show that the dominant mode roots of h,, and h,
are both near #/2 (the more so at the highest frequency
and largest wall spacing, since this is the case having the
largest value of (kd)). For the sake of interest, (to help
answer the question of the effect of finite absorber thick-
ness), the case of tand =0.01 (for d =85.5 in, with all
other parameters held the same) was also run (which also
gives h,, and h, roots near m/2) as tabulated in Table II.
Not shown are other cases (for the same d and frequency
range as above) having wide ranges of €. (el >1) and tané
(0 < tand <1) which also give roots of k, and h, near
7/2, and show the insensitivity of the solution ot ¢! and
tanéd.

The transverse-field distributions (E-plane, TM,, case,
20log,4 | E,1(0)/E 4(x)|dB, and H-plane, TE, case, 20
logy|E,1(0)/E,;(x)|dB), for the cases of Table II are
concxsely shown in Fig. 2 and readily show that the ideal
cosine distribution is approached for the highest frequency
and largest wall spacing cases (i.e., kd increasing); the best
case (ABS11) being for 11.2 GHz and 85.5 in, Fig. 2(c), for
which both the E-plane and H-plane edge-tapers exceed
40 dB. The worst case (Case ABS42) is that for the lowest
frequency and smallest wall spacing, i.e., 3.95 GHz and 10
in, Fig. 2(g), where only 11-dB E-plane and 15-dB H-plane
edge tapers result, respectively.

VI. RADIATION PATTERN COMPUTATIONS

The expressions for the radiation patterns in the xz-plane
are also given in Table I for both the E-plane (TM case)
and H-plane (TE) cases and consist of the integration of
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Fig. 2. E- and H-plane aperture distributions of parallel-plate wave-

guide with absorber walls (el =1.40, tan8 = 0.40). Note: Abscissa =
normalized aperture dimension = [|x|/(d /2)}.

the E,;, or E; fields, respectively, over the aperture of the
guide, where the radiation from the absorber face is ne-
glected (as is justified for the highly tapered fields in
region 1 for d=285.5 in). Performing this integration
numerically for the TM;, and TE{, modes gives the results
of Fig. 3(a)—(c) for the d 85.5 in cases at 3.95, 6.175, and
11.2 GHz, respectively. The corresponding metallic-plate
guide patterns (sinU/U for the E-plane (TM) case, solid
curves, and cosU/[1—(2U/7)?)], dotted curves, for the
H-plane (TE) cases, where U= (nd sin8)/(2A ) are shown
in Fig. 4(a)—(c). 1t is seen that the E-plane patterns for the
absorber case (Fig. 3) have much lower sidelobes than is
the case for the corresponding metal wall case (Fig. 4) and
that they are virtually equal to the H-plane patterns, with
each being close to the metal-wall H-plane patterns of
Fig. 4.

VIL

We note from Table II that for either the relatively
high-loss cases (tand = 0.4) or the relatively low-loss cases
(tand = 0.01) that the guide wavelength A, is only slightly
larger than A, (indicating a fast wave) and that DBW, the
attenuation down the guide, ie., in the z direction, is
extremely small (especially at the highest frequency and
largest wall spacing). This is because the region 1 fields at
the walls are so highly tapered. We also note that the

EFrFECT OF FINITE ABSORBER THICKNESS
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Fig. 3.
. with absorber walls (¢! =1.40, tand = 0.4, d = 85.5 in).

attenuation DBA in the absorber, i.e;, in the x direction is
very large for the tand = 0.40 case (e.g., about 7, 10, and
20 dB/in for 3.95, 6.175, and 11.2 GHz, i.e., cases ABS4,
ABS6, and ABSI1, respectively), but is small for the
tand = 0.01 case (e.g., about 0.2, 0.3, and 0.6 dB/in at
3.95, 6.175, and 11.2 GHz, i.e., cases ABS41, ABS61, and
ABSI111, respectively).

We now can answer the question: What will be the
effect of using a finite absorber wall-thickness T (backed,
say, by a metal wall)? Intuitively, if the thickness T and the
attenuation DBA is such as to give a roundtrip attenuation
of, say, 10 to 20 dB or more, then one would expect that
the performance would differ negligibly from that for T
being infinite. Choosing this 10- to 20-dB range, then for
tand= 0.4, it gives a required T range for this case of:
0.71 in 7 <142 in (at 3.95 GHz, the worse case, since at
higher frequencies, a given T will then give more than 10
to 20 dB). Of course, for the lower loss tangent cases, T
would have to be correspondingly larger (e.g., for the
tand = 0.01 case 24 in < T < 49 in, i.e., impractically large).
Thus a reasonably high tanéd is necessary to keep 7' to
practical values (e.g., tand = 0.40 gives T about 1 in). In
other words, one would then expect that for frequencies of
3.95 GHz or greater if a parallel plate waveguide made of
metal walls of spacing of about 10 in or more is lined with
an absorber of about 0.71 to 1.4 in thickness or more and
has €. =1.4 and tan8 = 0.4, it should behave about the
same as one with infinite walls made of the same absorber
and having the same wall spacing. That this is indeed so is
shown exactly by analyzing such a structure [8]. Further-
more, the same is true for a metallic conical-horn lined
with such an absorber [10]-[12]. In essence, it was redun-
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Fig. 4. E- and H-plane radiation patterns of parallel-plate waveguide
with metal walls (d = 85.5 in):

dant to analyze either of these latter structures once the
infinite absorber-wall case was done, in so far as demon-
strating the field-tapering principle involved; however,
these models do enable one to more accurately determine,
for given values of €., tan8, d, and frequency the mini-
mum value of T that should be used.

VIIL

The fact that the absorber walls (or absorber lining on a
metal backing, if the roundtrip attenuation in the absorber
lining is about 10 to 20 dB or more) can cause a cosine
type (highly tapered) distribution for both the TM{,- and
TE{,-type modes simultaneously can be physically attrib-
uted to the ability of the absorber surface (wall)-imped-
ance to act like a corrugated (“A /4”) surface. Thus, the
surface impedance of the TM,, mode Zgy, approaches an
infinite capacitive reactance while, simultaneously, that of
the TE,, mode Zg approaches zero (like a perfect con-
ductor), as seen by examining these expressions in Table I
for the case of £,, and h, being slightly less than «/2 (as i 1s
the case, via Table ID). It is also noted that Zgpy, Zgre =12,
thus, as Zgrm approaches 1nf1n1ty, Zgrp must approach
Zero.

PHYSICAL EXPLANATION OF OPERATION

IX. ACTUAL APPLICATION

As briefly mentioned above, if the spacing between the
absorber walls d is allowed to gradually taper from a
maximum spacing (say 85.5 in) down to a very small
spacing (say several inches), then it approximates that of
an actual conical-horn feed. The actual conical feed ex-
tends down to a circular /waveguide (excited by the domy-
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nant TE,; mode, which constitutes the transverse-symmet-
rical exciting source) of several inches in diameter and has
a smooth metal wall from that diameter up to a diameter
of 10 in or greater where it is absorber-lined from there up
to the 85.5 in diameter. Analysis [10]-[12] of the actual
metallic cone with absorber lining is much more involved
than that of the simpler parallel-plate model reported here,
but also shows that the transverse field distribution is
highly tapered (it approaches the J;, [2.405 x /(d /2)] type
HE,; mode distribution, where Jy(Y') = Bessel function of
order zero and argument Y, which resembles a cosine
function vanishing at the absorber walls, x =+ d/2). A
feed horn of this type is being used to excite a horn-reflec-
tor paraboloid antenna of about a 10-ft projected diameter
which produces virtually equal E- and H-plane radiation
patterns about equal to those of the H-plane pattern of a
metallic smooth wall-horn reflector of the same diameter.
Furthermore, it does this over the continuous frequency
range of at least 3.7 to 11.7 GHz [13]. Thus, the physical
transverse-field tapering-phenomenon, as predicted by the
simpler parallel-plate model, does indeed occur.

It should also be mentioned that the measured trans-
verse field distribution in the above feed horn at its
maximum diameter (85.5 in) was relatively “clean” indicat-
ing that no surface (i.e., slow waves) or, also, that any
higher order mode fast waves were present to any signifi-
cant extent. Both of these mode types may be excited at
the starting diameter junction of the smooth wall-absorber
wall interface. Indeed, the absorber wall acts to highly
attenuate any slow waves since these waves have their
maximum value at the surface of the absorber wall. The
fact that they were unobserved obviated the necessity of
obtaining their corresponding characteristic equation and
finding its roots; similarly the roots of the higher order
mode fast waves were not required.

X. CONCLUSIONS

The analysis and computation of the symmetrical-domi-
nant TMj, and TE$, modes, which can propagate through
and radiate from a parallel-plate waveguide having ab-
sorber-walls, have been given. These findings show that for
a wall spacing large compared to a free-space wavelength,
the surface impedance of these absorber walls simulta-
neously approach an infinite capacitive reactance for the
TMj, case and zero for the TE§, case just like “quarter
wave” corrugated walls with the added feature that this
holds for virtually an unlimited bandwidth. This surface
impedance leads to highly tapered (cosine-type) transverse
field distributions, accompanied by low axial attenuation
at a phase velocity slightly greater than the speed of light
and produces virtually equal E-plane (TM,,) and H-plane
(TE,,) radiated patterns having low side lobes similar to
that of the H-plane (TE,;) pattern of a smooth metallic
wall of the same wall spacing. Having established the
physical basis of operation, the parallel-plate model studied
was then used to explain the operation of an actual
metallic-conical absorber-lined horn-reflector antenna.
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APPENDIX [
SUFFICIENT CONDITIONS ON €. AND kd TO OBTAIN
h,, AND i, NEAR 7/2

A. TME€ Case
We first note
tan h,, = [sin(2h,,z)+ jsinh (2h,,;)]
/|cos(2h,,z) +cosh(2h,,;)] (AI-1)

and then let 4,5 be close to 7/2 and 4,,; close to zero, so
sin(2h,,z) =0, cos(2h,,z) =—1, sinh(2h,,;) =2h,,; and
cosh(2h,,;) =1+2-h2, This gives tanh, =+ j/h,p,
which, since h,,; is very small, is a very large imaginary
number. Thus, the characteristic equation for the TM,,
mode (via Table I) becomes

[(m/2)+ jhmzlz{[ —(e2)?/m2,] +1) == (kd /2 (e -1).
(AL2)

Since €’ = €l(1— jtand), (AI—2) gives two equations (by
equating the real parts to each other and the imaginary
parts to each other) which become (retaining only the most
significant terms of order 4,2)

(m/2)%(2)’(1—tan?8) /h%, = (kd /2) (£ —1) (Al-3a)
2m/2)%el /2, = (kd /2)° (AI-3b)

respectively, where h,,; approaches zero. Now if €1 >1 and
0 < tand <1 then both sides of (Al-3a) are positive and
this fact together with that of both sides of (AI-3b) being
positive (since el is positive) means both (Al-3a) and
(AI-3b) can be satisfied simultaneously, especially for (kd)
very large (since then, 4,, will become closer to zero).
Thus, the conditions of: €.>1, 0 <tand <1 and kd >1
are sufficient to cause h,, to approach #/2 (this is also
seen, computationally, from the results of Table II where
h,r is slightly less than 7/2 and h,; is small, each
approaching their limiting values of #/2 and zero, respec-
tively, as kd increases).

B. TE? Case

In a similar way, the characteristic equation for the TE{,
modes of Table I can be examined analytically to show
that the same conditions as above are sufficient to cause
h g to approach 7/2, as is also seen from the computa-
tions of Table II.
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