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INTRODUCTION

This progress report presents results of research carried
out. under Grant NGL-34-002-047 during the period February 1 to
May 31, 1970.

As a part of the efforts to use standardized symbols. and
notations in research under the grant, a list of notations related
to wire grids is presentéd.

The report contains next a paper which appeared in the
Transactions of the IEEE on Microwave Theory and Techniques in
the January issue of 1970, and which deals with the H-guide with
laminated dielectric. Lamination is one of the approaches to
reduce the dielectric losses in the H-guide which centribute a
major part of the attenuation of- this guide. The study shows
that a reduction of the loss tangent by a factor of about 10 can
be achieved by this appreach. The improvement can be obtained
by using thin strips of low-less material with high permittivity
separated by layers-of alr or by layers. of a. foamed low-loss
dielectric.

In an effort to reduce the wall‘'leosses in the wavegﬁides
under investigatien, such as H-guides, fence -guides, and, re-
flector guides. by proper treatment of the  conductor surfaces,
the effects of the surface roughness and surface structure on
the. attenuation are being investigated, Optical methods are used
to measure appropriate parameters for the surface roughness.
Various degrees.of surface roughness are obtained by pelishing
the surfaces on papers of various.grain sizes. Once calibrated,

the optical setup permits simple but reliable measurement of the
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su;face roughness. The waveguides under investigation, in turn,
permit accurate determination.of the effects of surface roughness
on the Q-value and on, the surface resistance of the conducting
surfaces. The measurements are expected to permit determination
of optimum characteristics- ebtained by proper surface treatment.
A detailed study of the error sources of Q-value measure-
ments- was- carried out which indicated the possibility of obtain-
ing- improvements by refining the measurement procedures and by
eliminating frequency jitter resulting from vibrations entering
the micrewave oscillater used for the frequency measurement.
A modulation  escillator for the X-band source was then added
to the measurement setup which permitted simultaneous determina-
tion.-of the half-power frequencies. By the use of water cooling
and vibration-free support of the X-band circuitry, frequency
jitter of the X-band source was reduced considerably. As a con-
sequence of these .measures, the -measurement error was reduced
te about +0.2%. The changed- precedures- and the improved setup
are described in part 4 of the report.
Discrepancies were .observed at the comparison of meésured
and computed values of the attenuation of the fence guide. This
made' a veview of the relationships used for the computation.of
the- characteristics of wire grids-necessary. It was found that
the relationships derived and described in. the literature are no
longer valid for dense wire grids as. used in the fence guide. New
relationships were.derived for  the surface impedance which adequately

describe the properties of wire grids.with dimensions useful for the
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fence guide: Equations for losgless and. lessy wires were found.
Derivations and the relationships are described in part 5 of this
report., ﬂ

Part & presents the results of measurements of the characteris-
tics of-the fence guide carried out on a prototype section of guide
with a length eof 175 mm. Twe such sectiens with different spacings
of the wires were fabricated and one of them investigated during
the report period. Prior to the measurements, the measurement
setup and the' field probes were tested and improved to give in-
creased accuracy and improved reproducibility. Longitudinal
and transverse field distributions were then measured and the
results evaluated. The results are presented in part 6 of the re
port. Reduction.of the diameter of the compengated probe gave
considerably improved results- in comparison with those obtained
in previous measurements. The measurements continue on the
second section of fence guide with increased wive spacing.

An experimental study was carried out. on a shorted section
of- open reflector guide previously investigated theorxetically,
(Progress .Reports sf June 15 and October 15, 19269). The shorted
section represents a resenator whese Q-value and internal. field
distribution were measured. It was found that improved resonance
conditions and improved Q-values {as high as 30,000} can.be ob-
tained by reducing the spacing of the reflector surfaces. To
study the effect of a variation of the distance on the O-value
and the field distribution, one ¢of the  reflector surfaces was
maée,movable. This permits determination of the characteristics

of the resonator under nonfocal conditiens. Preliminary results



of the measurements are presented. in-part:7 of the report.

As a part of the study of. dielectric loading of H-guide and
fence guides, the electromagnetic field-matching method has been
studied. It was- applied for finding the characteristics of a -
parallel-wall waveguide with a centrally located metallic- bar.
In comparison with other approaches, the method gave satisfac-
tory results. Computer programs.were developed for the use of

the method and. for the comparisons. The study is described in

part 8 of the report.



STANDARDIZED NOTATIONS RELATED
TO WIRE GRIDS

Z , 5 + « « « .« Impedance of wire grid itself without losses
(reactive part).

Z e » ¢ + + « . Contribution to wire-grid impedance by con-
duction losses-of wires. -

Z_« « + + « . . Total impedance of wire grid,

Z, - « « + « « . Surface impedance taking into account radiation
through the grid.

S « « « « ¢« + . . Spacing between. axes. of wires.

d. ... ... . Diameter of wires.

t=-8/d - 1 Geometré;parameter.
p = Im[Zw/ZO] Normalized reactance.
qg = Re[Zw/Zo] Normalized resistance..

[2,/%, = 3P + ql
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H Guide with Laminated Dielectric Slab

FREDERICK J. TISCHER, FELLOW, IEEE

’ Abstract—A consideration of the ficld distribution and the charac-
{eristics of an H puide with a laminated diclectric bar -composced of an

arbitrary number of diclectric strips separated by air layers is presented. |

Low-lpss wave mades with the clectric ficld inteasity predominantly paral-
Icl to the sidewalls are analyzed. Approximate thin-layer cquations are
derived which indicate methods for improvements of the attepuation of
the A puide.

INTRODUCTION

HE H guide is a hybrid waveguide in which the ﬁelc’is
T are concentrated in one transverse direction by sur-
face-wave guidance and are confined in the other direc-
tion by parallel conducting planes. The cross section has the
form of an A with the conducting side walls forming its

Manuscript received January 10, 1969; revised July 7, 1969. This
work was supported in part by NASA Grant NGR 34-002-47.

The author is with the Depactment of Elcetrical Engineering, North
Carolina State University, Raleigh, N, C, 27607,

vertical legs and the dielectric slab the horizontal bar. The
guide has low conduction losses in the walls for wave modes
with the electric field strength predominantly parallel to the

- sidewalls, similar to those of the waveguide with circular

cross section for TE; waves, Since the major contributions
to the attenuation of the waveguide result from the dielectric
losses, lamination of the dielectric bar was proposed [1] to
reduce these dielectric losses. Computation and measurement
of the characteristics of a double-strip H guide confirmed the
feasibility of improving the loss characteristics by this.
approach {2], [3], [6].

This paper presents the derivation of the field distribution
and of characteristic data for an A guide with the dielectric
bar subdivided into an arbitrary humber of diclectric strips
separated by air layers. The resulting relationships can be
drastically simplified in the case of thin strips. Under these
conditions, the slab structure may be considered as-an arti-
ficial dielectric with an equivalent permittivity ., and loss
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Fig. 1. H guide with laminated dielectric. (a) Cross section of the guide.
(b} Lansnated-slab structure,

iangent tan 8. Diagrams are presented which show the
attainable improvements in the loss characteristics of the
suide resulting from the lamination. Low-loss wave modes
with the E field in the center of the guide parallel to the side
walls are considered.

METHOD OF DERIVATION

I

The method of deriving relationships for the laminated
H guide is based on the concept that the fields in a parallel-
vall waveguide can be considered as those of superimposed
slane waves bounced back and forth between the conducting
~alls. Applying this approach to the present case, the analy-
sis can be carried out in two steps. First, surface-wave propa-
ation along an infinite slab of a laminated dielectric is con-
sidered, and then two plane surface waves are superimposed
.0 form the field within the # guide,

The structure under investigation is illustrated in Fig. 1(a)
or the example of a slab composed of six diclectric strips.
since the distributions of the ficld components are symmetri-
@l and antisymmetrical with regard to the horizontal center
slanes, it is sufficient to consider the fields in the upper half
of the guide, as if a perfectly conducting electric or magnetic
vall separated the upper from the lower half,

The outlined method of derivation hence suggests as a
irst step the derivation of relationships for the surface-wave
wopagation along the laminated infinite diclectric slab.
ts structure, representing only the upper half, is indicated
n Fig. 1(b). It consists of N layers consisting alternately of
liclectric and air. In reality, the slab may be composed of
tigh-permittivity dielectric strips separated by layers of
'oam material with low permittivity and low loss. The dielec-
ric strips have equal thicknesses d,, characteristics ¢, and
eparations d,.

N AVE PROPAGATION ALONG A LAMINATED DIiELECTRIC SLAD

Wave propagation along a laminated dieleciric slab was
onsidered by Mathis {4] who used a transmission-line ap-
rouch for the determination of the propagation characteris-
ics. This approuch will be used in a modified form for
leriving the ficld distribution in the slub structure of Fig.
(b). The wave ficlds are deseribed in rectanguiar eoordinates
s solutions of the wave cquation. The magnetic ficld

+
strength, which is parallel to the boundary surfaces (TM),
and the other field components have in customary notation
the following form for waves propagating in the positive
z direction:

H," = {A, exp [—vau(® — mies)]

ia)
+ Bn exp [+Tzn(x - xﬂ—l)]}cﬂ“kta’ . (
j 6[[:;00 -
B = 2 = (kefwe)IT, ™, (1b)
we
I.(n) = J al:I”(")
e we ox (1c)

= (¥en/0€){ An eXP [—Yenlt — Tnmi)]
— B, exp [+Fvan(z — a:,,-;)]}c‘ﬂ-‘:’.

The propagation constants are related in air by

Yzn = Cz; oyt = k:"', - koz; k: > ko, kﬂ = w-\/e_o':;, (29*)

and in dielectric by

Yan = Jk:, k2= bee — k,zj ks < ko‘\/; (2}3)

Summation of the equations for a.? and k% (22) and (2b),
yields
at + It = kﬂz(ér - 1)1 (3)

which is one of the basic equations describing the propaga-
tion characteristics of the surface waves.

The field distribution in region 1 (n=1) for magnetically
symmetric wave modes is found from (1) by introducing the
boundary condition E,=0 for x=0. In customary notation,

H,W = 24, cosh a:x,
Ez(l)
Ez(l) -

It

(f2/e0e0)24 1 cosh vz, (4)

— 7(az/we)24 sinh ayz.
The corresponding equations for electrically symmetric (od;i)
modes (H, =0 for x=0) are found to have cosh a:x and sinh
azx of (4) interchanged. The fields in dielectric region 2 are -
given by
H,® = {4, exp [—jkolz — 21)]
+ Bz exp [+ika(z — 2]},

L.@ = (kz/ﬁ’EoEr)Hy(e)n (5)
E,(ﬂ = (kg/WEot’:r){A'.' exp [—jk;(ﬁ; - 2:1)}

— By exp [+k(x — 2]}

The constants A, and B, can be found in terms of 4; for
even and odd modes by equating the tangential field com-
ponents H,®, E.® and H,®, E,@ at the boundary at x==x;.
Equating the field components at the next higher order
boundary and subsequent repetition yields the constants 4,
and B, and after insertion into (1) the ficld components in
terms of the amplitudes of the ficld components at the
fower bourklary in tho center of the gulde at.x=0: In the
uppermost air region which extends to x= <, the field com-
ponents are, since By =0, given by
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[:IV(N) = 11‘\' exp [-—-o:,(:t: - m.\’—-l)],
E. ¥ = (k‘/wél\)H'qu)s
B = jlou/we) Aw oxp [~eulz — @woi)):

(6)

The derived cquations show that the field distributions are
sinusoidal in the x direction in the dielectric strips and are
described by hyperbolic functions in the air layers. The hy-
perbolic functions indicate the surface-wave character in the
air layers. In the air region above the laminated structure,
the ficld decreases exponentially toward infinity, assuming
infinitely wide strips.

The multiple-Jayer structure according to Fig. 1(b) and
the form of (1) suggests derivation of tecursion equations
which express the field amplitudes at each upper boundary
of a layer in terms of those at the next lower boundary. Con-
sidering only components in the directions transverse to x,
we find from (1)

CH, " (zn) = H,5(z,1) cos kuda

) 7a)
+ 7 - E 05, 1) sin 7.‘-3(1,,,
. Ape
E ™ () = Zo H, ™z, )i sin k.d, (7b)

-+ E,0~Y(x,_,) cos k.d,.

The equations are similar to those for current and voltage
at the input and output of sections of transmission lines.
Henee, the ficld distribution in the x direction can be con-
sidercd by transmission-line methods as indicated by Mathis.
According to the transmission-linc doncept, a transverse
impedance can be defined as Z ™ = E )/ i =) which can be
expressed by familiar relationships as a function of Zt—b
with Z,,,, &z, and d, as parameters. The latter describe the
characteristics of the nth layer, where

1k .
Zzl!:—--—lf-zu; ZO=£B"

€r ko ]

@

Similar equations involving hyperbolic functions govern the
relationship between the various quantities in the air layers.
It is convenient to introduce matrix representation for
the consideration of the multiple-layer structure. Writing
(7) in matrix form, a transmission matrix [7] relates the
field quantitics. For the uth diclectric layer, it is given by

cos k.d, J s katln
] = * 9
(el 7 e 5100 Rty €08 iz, ©)

Transmission in all the layers below can be taken into con-
sideration by writing

H, ™ 1T ey o1l Hu™(0)
[E,w:l = [revlire=n] - - e ).][E.(“(O):l' (10)

Taking into account the tofal number of layers between xy—,
and x=0, a cumulative transmission coefficient [T can be
defined for the faminnted structure:

{T] = [?1 ;:2] = [T(N—n][T(N—z)] ‘s [T“’], (11)

8

" Use of the elements of the matrix 7 facilitates cxpressing the

transverse wave impedance at the upper boundary of the
structure in terms of the fields and impedances at x=0:

_ E.:(N) _ TZII:Iy(n(O) "+' T?.Q.Ez(n(o)
COH, T PuH,W0) + TuB0(0)

Iy (12)

Substitution of the impedance value Zy from (6) and of the
impedance values at x=0 from (4) yields the characteristic
equations for the laminated structure: .

. O Tél
(E.=0atz=0): Zy=] =—,; (133)
weg 1
for even modes, and-
- PR
(Hy=0atz=0): Zy=j =—, (13b)
Wep P;z

for odd modes. Inspection of (9), (11), and (13) shows that
the characteristic equations describe relationships between
k; and . for even and odd modes. In combination with (3),
they facilitate the determination of k. and «.. The transcen-
dental equations (13) can then be written in a general form
as

kz = foolaz &, d., da)

where d, and d, are the thicknesses of the dielectric strips
and the air layers, respectively. The exact evaluation of the
characteristic equations can be carried out for large numbers
of layers by computer. An impedance-matching process by
the use of the Smith chart outlined by Mathis {4] can be
used if the number of layers is small, Approximate relations
derived in the next section are satisfactory for many practical
cases,

(14)

RELATIONSHIPS FOR THIN DIELECTRIC SLABS

The possibility of simplification of the derived equations
for thin layers is explored next since it can be expected that
the slabs of the laminated H guide satisfy this condition.
Assumption of thin layers, when a.d,, k.d.<&1, allows the
following approximations:

cos kd,, cosh a.d, ~2 1; sin kd, ~k.d,;

sinh e d; = e d..

The approximations are introduced into (7) and (9) and-
into two representative transmission matrices T™ and Tt~
for a pair of layers, one containing air and the other con-
taining a dielectric medium. By matrix multiplication, a new
matrix can now be found that describes the transmission
through a uniform single layer equivalent to the combined
transmission through the two layers. The new transforma- -
tion matrix is hence given by

| 3 Tll(D) T]g(D)
] = |
[7®] [gn“(b} Tae“”] .
(18)
Tll(") T“'(ﬂ) Tn(n—l) T;z("_n )
- [Tn"‘) Tu(“)][Tn(n-n Tn(n-l):l'
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Substitution of the approximate values of the matrix ele-
ments into (9) and (15) and carrying out the matrix multipli-
cation yiclds

1
le(D) o~ 1 o 1 - k:zd.d' |
&r

{(16a)

k k
Tia® o § ~ ema(di + da) 225 — (ed, + do), (16b)
Zu ZO

Ty (DY o2 § ?,f _ _(d' + .d..“_).
ko qu
=3

. Z 0 (k=2 )
=1 - « a:edu ]
ko €r

TPV ] e 1 azzdgdg,

{16¢)

(16d)

where the permittivity, propagation constant, and thickness
of the equivalent single layer are denoted by €reqy Kzeq, and
d.+d., respectively. Evaluating (16b) yields an approximate
expression for the equivalent permittivity,

. 1+P/€r
€roq D2 € ———— )
el r 1+p

wifh p=d./d, denoting the air-to-dielectric thickness ratio.

Since the characteristics of the equivalent layers are equal,
the total laminated dielectric structure can be replaced by a
uniform dielectric slab with equal total thickness and having
a relative permittivity ... For thin dielectric layers, the
laminated diclectric H guide can thus be treated as a guide
with a single slab with an equivalent permittivity given
by (17).

an

THIN-STRIP LOSs TANGENT

Caution is required at the determination of the loss tan-
pent of the cquivalent uniform dielectric representing the
thin-strip structure. We observe that e, of (17) actually is
the real part of the complex equivalent permittivity. It was
obtaincd by considering wave propagation and the field dis-
tribution in the x direction and involved E, and H, [see (7)].
The imaginary part ereq (€req=€req — féreq’ ) Which describes
the dielectric losses must be found by a more detailed con-
sideration of the losses and attenuation of the equivalent
layer, since the major contribution to the dielectric losses
results from E. which did not appear in the equations from
which e.o’ was derived. This component (£:) has its maxi-
mum value in the center of the slab at x=0 for low-loss even
modes. At this location the component E. is zero. Due to the
sin? distribution of E,, its contribution to the losses can be
neglected in the central region where the dielectric slab is
located, and only E. taken into consideration.

Determination of e..” will be based on the concept that
the attenuation of the equivalent single layer is equal to

that caused by diclectric losses in the combination of fhe
original diclcetric and air layers. The compared values of
attenuation arc pusw /P we Which represent the ratios of dis-
sipated and transmitted powers per unit width of the layers.
The transmitted power is derived from the z component of
the Poynting vector,

58, —JRe[LH*]
which gives for the double layer

‘ k. d.
Dtrans = %‘ l I{y lz -j‘_ZO ("é_,' -+ da), (183.)
v r
and for the equivalent single layer
E Z
ptrnnnr = ]If |2'__o—(d +d)

(18b)

The dissipated power is derived from
Paim = 3| Bz |Pode

Substituting H, for E; from (5) and ¢, =wee”’, we find, for
the two layers with the dielectric giving a contribution only,

r
&r

Paiss =2 3 I H |2 ; d ) (19&) ’
wey (e)?
and for the equivalent single Iayer,
rea’! . s
mm_AHP o Gt d). (oh)

Equating the unprimed and primed ratios of paise/Pirans Yields -

" "
€ dg €req

& dete'ds e

and subsequently for the equivalent loss tangent
tan &
14 pef

It is interesting that the validity of (20) can be checked by
considering a capacitor with a laminated dielectric with the
boundary planes parallel to the capacitor plates. The equa-
tion for the equivalent loss tangent is found to be identical
to that of (20) for low-loss materials.

(20)

BAN Soq = €roq’ M Ereg’ =

FIELDS IN THE LAMINATED H GUIDE

The fields in the H guide are found by superposition of
two plane surface waves propagating along the infinite lami-
nated slab discussed in the preceding sections. One of these
waves travels toward the sidewall incident at a finite angle
from the normal; the other, the reflected wave, travels toward
the center of the guide. The geometries of the directions of
waves are shown in Fig, 2. After a change of notation, the
field components previously denoted by H, and E. are now-
called the transverse components f, and E, of the plane
surface waves. The component E, becomes the longitudinal
component E;. Hence, -

H,— H,; E.—E;

-+

E.—Ey; k—k. ()

By usc of the geometric relationships indicated in Fig. 2, we
eapress the field components in the coordinate system of
the H guide [sce Fig. 1(a)] as a superposition of incident
(et*) and reflected waves (e~##); hence, omitting the
common term e~#+, the field components are
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Fig. 2. Geometric relations of the field componenis of incident and
reflected waves at the wall of the guide.

H, = Hy(ky/k) (s + e~ = 2H (o, /% cos oy,
Hy = H(leo/l) (et — e~y = 2H (k%)) 7 sin by,
B, = B¢’ — e~y = 27,7 sin by, )

By = — Bly/k) (e 3 e~ituv)

. — 28.(ky/ kD) cos kyy,

B, = Ey(l/kp) (e — erw) = 21 (k./kDF sin k.

]

(22)

i

Substitution of the ficld components for the infinite lami-
nated slab described by (4) through (7) into (22), after taking
into account the changes of notations cxpressed by (21),

. gives the ficld distributions in the corresponding layer within
* the H guide. For the nth layer which contains dielectric
“material, the ficld:components are

Hy(@) = 2= [Use@) + Vhs(e)] 003 ge=sve,
!

- ks - . .
H,™(z) =j T [Une(@) + jVas(x)] sin kyye—ie,

B, ("’(rc) = — [Uncte) -l—J“VnS(a:)} sin Itch""" : "
- Wees Lo (28)
- R . ) ,
By () = — {Vaelz) — gU,.s(:t:)] cos ke,
- weger 12
Lk
£,0g) = — j — [V wo(x) — ;,:U,,s(‘c)]
Weptr J

ssin kyyre—ste,

The functions e(x) and s(x) stand for cos k(x—x,_1), dand
_ sin k{x—x,.y), respectively, The constants U, =(d4,+B.)/2
and ¥, ={,— B,)/2 are proportional to the ficld components
E: and E; at the lower boundary of the region n. The cor-
rcsponchn-' cquations for an air Jayer are found by substitut-
ing hyperbolic functions for the trigonometric funct;ons o(x)
_ and s(x), &=1, and —ja, for k,.

MODE ANALYSIS

Confinement of the waveguide fields in the y direction. by
the conducting walls is associated with an infinite spectrum

. of higher order wave modes. The boundary conditions, E;=0

at y=0, a, require that 4,.=mn/a. Since the longitudinal
propagation constant k; is related to its components by .
kp=kp k> (Fig. 2), the propagation constants 1n the var—’ .
ious directions are interrelated by

Bo%er = ke 4 kyn® 4 Fom® (24a)
in dlelectrlc, and
I»uz = — o + kyn? + Fn® (24h) °

in air. In a waveguide of proper width, only the fundamental
mode is propagating and the higher order modes are evanes-
cent with the fields decreasing exponentially in the z direction
with negligible phase shift.

The constants e, and &, which describe the field distribu-
tion and the surface-wave character in the x direction can
be computed from (3) and (14):

- (250)
(25b)

ket = k(e — 1) — et
kzz = fc.ﬂ(azy €ry dﬂ: d!)l

which are the characteristic equations for the infinite lami=
nated slab. The relationships are not affected by-the confine-
ment by the two parallel wails and are valid for the A guide
also. Excitation of the even and odd modes with difterent
distributions in the X direction depends on the operational
frequency, the permittivity of the strips, and the gecometry
of the laminated structure. The fundamental magneticalty
odd wave mode - (even with regard to Ex) can always be
excited since its existende is frequéncy-independent, The
higher order modes with multiple periodicities -in the x
dircction in the slab-and all magnetically even modes have
cutoff frequencies as lower limits for their existence. The
propagation characteristics are basically similar to those of
surfacc waves along an infinite solid dielectric slab [5]. The

. similarity becomes. particularly pronounced in the casc of
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thin layers of the diclectric and air for which the approxi-
mate relationships derived previousty can be used. Denoting
the single or multiple-sotutions- of the equation pair (25) by
kzq, wlnch have to be found for the specific operational
conditions, the propagation constant in the z directioni be-

conics
o 2 L8 war\ 2
Bimg = koer = kg — {— .
a

Equation (25b) has to be solved for thick layers by computer;
for a small number of strips, it can be solved by the imped-
ance-matching process outlined by Mathis. In the case of
thin Iayers the substitution by a uniform dielectric slab with
an equivalent permittivity can be applied. Basically the
excitation of wavegulclc modes in the laminated waveguide is
similar to that in the & guide with a single solid slab de-
scribed previously.

(26)

IMPROVEMENT OF 1.0SS CHARACTERISTICS BY LAMINATION

The study of the two-strip H guide has shown that the
attenuation has a general trend to decrease with decreasing
thickness of the diclectric slabs [2], [3]. The same trend can
be obscrved in the case of the laminated guide with thin
dielectric strips. It can hence be expected that a considerable
reduction of the attenuation can be achieved by lamination
of the dielectric slab and by reducing the thickness of the
dielectric strips. Due to these trends the thin-strip approxi-
mation should give satisfactory results in a consideration of
the attenuation of the laminated H guide.

‘The myjor contribution to the atienuation of an H guide
at millimeter waves of nonexcessive size results at present
from diclectric losses. Information with regard to the reduc-
tion of the attenuation can be gained by evaluating and com-
paring the dielectric losses of various structures disrcgarding
the cfTects of differences of the geometries on the wali losses.
If the equivalent permittivities of the compared slabs are
kept constant, the disregard of geometric changes is well

justified, The relationships derived for thm layers will be

used for such an evaluation next.

The dielectric losses in the guide dre directly proportional
to the loss tangent (tan &) of the medium of the strips. A reduc-
tion of tan & is hence the primary source of a reduction of
the attenuation, The equation which shows the feasibility
For such a reduction is (20),

p = d./d..

It should be noted that this equation involves primarily the
electric ficld component E, which contributes to the trans-

tan fq = tan 8/(1 + p);

mission of power along the guide. It has a maximum ampli- -

tude in the center of the guide where the dielectric is located.
The other components E, and E, are zcro at x=0"[see (D}
aitd can thus be disregarded in the approximation. The
second important equation. mvolves the equivalent permlt-
tivity . :

éra = &1 + p/e}/(V + p)." -

Graphical representations of the two relationships are shown

5 -
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Fig. 3. Equivalent permiltivit)‘r of the laminated dielectric slab.
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in Figs. 3-and 4. The preceding considerations indicate that
a considerable reduction’ of the attenuation of the # guide.
can be expected at millimeter waves if tan §.q can be reduced”
by choice of proper materials and geometry p of the lami-

-nated structure while keeping e, constant. The equations.
, indicate that dielectrics with high permittivity at low dicléc-

tric losses and:lamination with a high value of p are best.-
suited for.a reduction of attenuatzon. The comparison of loss
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TABLE I
Single-Slab Laminated-Slab
. . Paramcters Paramelers
Diclectric
& tans | p req 130 Beq
Styroloam 1.03 ] 1.5X10
* Rovolite, 2.53 TXI0~* + 7.5]1.161 3.5xX10°¢
Beny Hium Oxide 6.6 | 4.4%10~* |3 2.4 2.610-%
(99.5%,)
Alwminum Oxide | 9.9 | 2.5X10"% | 5 2.5 %1077
o (99.9%)
Eccoceram 90 1.0X10=% |10 9 1.1x107¢

* At 24 GHz, others at 10 GHz.

tangents and permittivitics in Table I shows that equivalent
loss tangents in the guide obtained by lamination are con-
siderably superior to those of dielectrics in the single-slab
guide. It seems that a reduction of the loss tangent by one
order of magnitude is possible.

CoNCLUSIONS

Wave propagation in an infinite laminated slab has been
«considdred as a first step of an analysis of the laminated

* H guide. Equations for the field distributions in the various -

regions of a multiple-layer structure have been presented and
characteristic equations for the total structure derived.
Matrix representation was found most useful for describing
- the characteristics of the multiple structure for even and odd
wave modes, The infinite-slab consideration represents the
first part. In the second part, the H guide fields are derived

by superposition of two infinite-slab surface waves incident

12

and reflected from one of the two parallel conducting side-
walls. This approach simplifics considerably the derivation
of the ficld equations. The subscquent analysis of the wave

" modes shows that the wave modes have busically the same

characteristics as those of the single-slab guide.
Thin-layer approximations allow considerable simplifica-

tions of the derived equations. They facilitate simple con-

sideration of the laminated structure by an equivalent single
layer of a medium with an cquivalent permittivity and loss
tangent. Emphasis is then placed on an evaluation of the

equivalent loss tangent in a thin-layer structure since it indi-

cates clearly the methods by which the attenuation of the
guide can be reduced particularly in the millimeter-wave

region. The equations, the graphs, and a comparison of the -

equivalent loss tangents for various materials show that use
of low-loss high-permittivity materials and combination
with thin-strip lamination give considerable reductions of the

dielectric losses which in turn lead to considerable improve-

ments of the attenuation of the H guide. '
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RESULTS OF LIGHT REFLECTANCE MEASUREMENTS
FROM ROUGH SURFACES
Introduction

In a study of the effects of surface roughness on the loss
characteristics of waveguides and cavities at nillineter waves,
optical methods are used for the determination of the surface
roughness,

It is well known that light is reflected from metallic
surfaces but the reflection phenomena are still being investi-
gated. If the metallic surface is polished to a mirror-like
finish, light is reflected at an angle to the noxmal equal to
the incident angle. However, for a surface containing irregular-
ities, the reflected light contains both gpecular and diffused
parts. The specular light is reflected as previously stated
but the diffused ligﬁt is scattered- in all directions. As-the
roughness of the surface increases, then for the same incident
light the intensity of specular reflection decreases while the
diffused increases. For near normal incident light it has been
observed that the diffused light intensity with anéﬁlax dis-
placement about the specular angle appears to have a Gaussian
distribution. From experimental data the sSpread or variance
of this distribution is observed to be dependent on the "rough-
ness” of the surface. This papex is a description of the pre-
paration of the surfaces, the equipment used to measure the
reflectance, and preliminary data reduction. A microscopic
analysis of the surface ig in progress and will be presented

later,
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Sample Preparation

Since the final goal-is to determine the contribution-of
surface roughness te attenuation-in waveguides, .the.metal chosen
was copper. A sheet.of 1/8" copper was cut into l%‘by 2 inch
sections. This size was selected for ease of handling as-well
as constraints imposed by the reflectance-measu;ing equipment.

Grinders manufactured by Buechler Ltd. were available and
could be used to prepare.the samples. There.were.two types
of grinders; one consisted of a set of abrasive papers mounted
on hard, flat surfaces and the other having the same type of
mounting but a centinuous flow of water immediately washed
away the loose abrasive material and fragments of the metal.
These metallurgical grinders, both the dry and wet, were used
for preliminarf preparation in polishing of. metal.surfaces.

The copper surfaces were prepared in the following manner.
First, the sample was moved forth and back on the coarsest. grade
of paper until grooves-were_pfesent in only one. direction. It
was important that the grooves appear.in onl& one direction
since the finer paper can only remove the greoves created by
the next coarser paper. The force on the samples was held to
a minimum to prevent crushing the abrasive particles which
could cause large variation in- the grooves and cauge smoother
surfaces than- intended. The- force was only that to keep the
samples in a positioen to create  parallel grooves.  The sample
was then-rotated ninety degrees and placed on the next finer
paper. The process was continued until. ;he desired degree of
polishing was obtained. In our investigétioﬁ, six grades of

abrasive paper were used. The grain size of each abrasive paper
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is given in table 1.

After each grinding the samples were rinsed under running
water to remove 1loose material from the surface. A stream of
air with sufficient force was blown across the surface to
rapidly remove residual water and thus minimize water spots.
The surfaces were carefully handled to prevent finger prints or
other stains and were stored in a cabinet until reflectance

studies could be made.

Reflectance. Setup

The reflectance measurement setup is illustrated in Fig. la,b.
The light. source is.a Spectra-Physics Model 124 Helium-Neon Laser
capable of supplying fifteen milliwatts of power at 6328 g. 2An
adjustable attenuator with degree indicators. along the circum-—
ference is used to regulate the light intensity that strikes
the test sample. The relative attenuation can .be determined
by the angular displacement from a reference .when applied to
the sin square law. A continuous monitor of the source inten-
sity is accomplished by a beam splitter which deflects part of
the light. into a Spectra-Physics 401 C: power meter. If varia-
tions. should occur during an experiment the attenuation can be
adjusted to correct the. change. A flat, circular disc with a
mounting stand located in. the center is used to secure the test
sample. The five inch radius disc has degrees marked off around
the perimeter and-with aid of markers, the angles of incidence
ané reflectance can-be measured. An extension arm which pivots.

about the center of the disc holds a light detector which con-

sists of an RCA 7102 multiplier phototube and associated circuitry.
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Fig.la Reflectance measurement setup
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Fig. lb Photograph of reflectance measurement setup
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Grade

Emexry 2
Emery 1
Grit 240
Grit 320
Grit 400
Grit 600

Table 1

Abrasive Paper Particle Size

Grain size in microns

62
38
43
30
24
15

18
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The photo tube is enclosed in a light tight cover with a one-

eighth by one inch slit. The extension arm maintains the slit
at a constant distant from the center of the disc .and at a
constant height above the plane of the disc. The power for the
multiplier is supplied by a Hewlett-Packard Harrison 65162 DC
power supply and the output of the detector is displayed on a
Doric Integrating Microvoltmeter. The assembly, with the ex-
ception of the power supplies and the voltmeter, is mounted on
an optical rail which.permits- accurate alignment.of the various.
components. The entire setup is located in a.dark room whose
walls have been sprayed with a non-glossy black paint.

Three sets of experimental data were taken from the_sétup.
For the first experiment, the angle of incidence and incident
light were held constant, and in a plane perpendicular to sur-
face, the reflected light was measured at angles from the sur-—
faced?ormal between 0 and 90 degrees. During the second experi-
ment, the incident angle was held constant and the light re-
flectance was measured at the specular angle for various inten-
sities of incident light. For.the final experiment the incident
light was- held constant and. the incident angle was varied between
10 and 90 degrees while the reflectance was measured at the
specular angle. These.measurements were. taken for each of the

test samples and is given in. the next section.

Results
The data were plotted as three separate graphs and are shown
in Figs. 2, 3, and 4. Figure 2 is- a plot of the normalized re-

flectance versus angular displacement. from the surface normal for
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Fig. 2. Reflectance of rough surfaces averaged and normalized
with regard to maximum versus angle of reflectance
for constant angle. of incidence
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Fig. 4 Reflectance of rough surfaces. versus angle of

incidence for -anglé of reflectance equal to the
angle of. incidence
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Fig. 5 Individual measurement results which form the

basis-of the averaged reflectance curves of
Fig. 2.
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the case where the incident light and angle axre -held constant.

The curves for each test sample are the results-of averaging of
three locations on the sample. The locations are .the center
and 1/4 inch on each side of the center. Figure 5 shows the
variation and how the different locations. relate to. the average.
The curves appear symetrical about the specular angle and re-
semble Gaussian curves.. The coarser the abrasive paper the
broader is the spread or variance of the curve.

Figure 3 shows a plot of specular reflectance versus in-
cidence light for a constant angle. of incidence. .Each set of
daﬁa.gives a linear curve. For these cases. the coarser the
abrasive‘gaper the smaller the amplitude of the reflected light
and the greater the slope.

Figure 4 illustrates the dependence of roughness on the
angle of incidence. The graphs are plots. of the specular re-
flection versus the incident angle for the case of constant inci-
dent.light. The expected result would be that at some angle the
surface would reflect more -light than nearer the .normal and would
increase its reflectance until the grazing angle was obtained.
This was verified because- the finer the abrasive paper used the

sooner the increase began and the greater the slope of the curve.
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Discussion:.

The model. used in this section is shoWwn. in- Fig. 6.

Incident

Light Reflected

Light

i
i
|
I
I

e
/

Fig. 6°
The surface lies in the xy plane and the incident light is in
the yz plane and makes an angle ¥ with surface normal. Note
that the reflected light does not reflect entirely in the y=z
plane. From this a relationship for the reflected light is
formulated:

R=1M(o ,em) Gloyan,¥,0,9)

where R is the intensity of the reflected light. (reflectance)
I is the intensity of incident light
M-is a %ariabie:dependént on. the material
pr0perti§s (ca,s,u)
G is varigble-dependent on the geometrical.ﬁroperties_
@;e,¢_are éngles as given.in Fig.-6. .
¢, a are constants for the description of the
statistical properties of the surface

A 1is the wavelength of the incident light
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Since the same material, copper, is used in all cases, the
quantity M is a constant factor. For the first .set.of data, Fig.
2, the variables are the angle. ® for each sample. The height
variation is associated with various grades of .abrasive paper.
It is noted that for each test sample the resulting graph re-
sembles a Gaussian curve but the spread is different and depen@s
on the grain size of the abrasive paper. It is reasonable to
assume that the larger grain size would produce greater surface
roughness., The data confirm this assumption.

The next set of data shown in Fig. 3; has the one. obvious
conclusion that the polishing with the finer grain size gives
the greatest reflectance. The slopes of the curves confirm
this. Using the proposed general relation for reflectance, the

slope is given as

dr
aT = M(O’O,'E,H)G(O’,a,l U0, 0)

The results indicate the slope is smaller for the rougher surface.
From this and the previous experiment the ﬁariation of the-
function is- assumed to have a Gaussian form with the spread in-
creasipg-with-inqreasing surface roughness.

H. Davies considered light. reflection by a rough surface
with a Gaussian density function for surface.variation and cal-
culated the reflectance for two cases; a slightly rough and a
very rough surface.. The two results are:

Slightly rough:

a’g?

T

2_2 .
R =IK, (cos® + cosy) *exp{ - E—%— [(sinbcos¢ - siny)?2
A

+ sin?6sin?¢]1}
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Very rough:
a2 ) a2
R=TIK_ - (cosb + cosyp)?exp{- =
Vg2 202 (cos® + cosy)?

(sinBcos¢d - sinw)z*sinEBSin%¢i

where K, and K, are constants and- a’ and’ ¢ are .constants de-
scribing the statistical properties of the-surfaces. The
equations indicate the general trend of the experimental data.
The various parameters are needed to relate the equations to
the experimental results.

The final graph illustrates the dependence of the surface
roughness on the angle. of incidence. The Rayleigh criterion
for surface is given by assuming light strikes -a maximum and
minimum height of the surface and is reflected in the same
direction (see Fig. 7). The phase difference between the
two paths is.

Ap = i%a cos Y

where h is the total height. difference and Y is the angle of
incidence. If A¢ = w, then cancelation occurs and no energy
flows. in thigfdirection. If A¢ = 0, it reflects specularly

and is considered smooth. A value between the two extremes

is more often used as- indication of. roughness, then for a

smooth surface

X
h < 8 cos P

From the simple formulation.it is obvious that as the angle v
approaches ninety degrees moderately rough surface appears

smooth. This effect is easily observed in Fig. 4. The
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rougher surfaces require large -incident angles before they

begin to show characteristics of a smooth surface.

28
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ﬁﬁganﬁix

Rayleigh Criterion:

Plg.- %

Consider two rays inzident on a gurface with heigh® variation
of h and at an incident angle $. The path difference batween
the two zays is

Ar = Eﬁ cos

and therefors the phase differsnce is

ﬁ¢ = T%E by = %gg-cos i

tox.small phase difference. the rays-are in., phase .and, rainforce
but if the phase differsnce is « they cancel.. Since this means
Do ensrgy fiow in this direvtion, it-is- concluded that £t has
bean redistribubed in other directions or the .surface iz con~
sidered rough. Then between the two extremes.is a transition
r@gioﬁ; A¢ = u/2 has been chosen a¥ well as othsy values as an
indicator of voughness, Using this value then for a smooth

surface

h‘—%&mﬁ
8 cos.y

From this a surface tends to he smooth for either WA + 0 or

i e 9}}& N
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AN IMPROVED Q-VALUE MEASUREMENT TECHNIQUE

Introduction
In- the June 15, 1969 progress report a description of a

frequency measurement setup was given (1). The method was used
in Q-value measurements to measure half-power frequencies and
resonant frequency  by.observing beat frequencies with a single-
frequency oscillator. The system proved to give O-values of a
resonator to a typical accuracy of %150 parts out of 8000. A
more. stringent requirement was created by-a surface-resistance
study where the order of the méximum Q-value: change was *50. A
method using a modulated oscillator for the frequency indication
which gives this accuracy is described. The improvement.gives
Q-values of *50 parts out of 8000. An up-to-date description

of the setup is also.given.

Circuitry of the General Test Bench-:

The bench setup as shown. in Fig.-1 has a 35 GHz A-band
Klystron- as the signal source. Power is supplied to the A-band
signal source by a Narda 62al power supply. The Klystron signal
is fed through an-isolator, an adjustable attenuator, and a 10db
directional coupler. From the main guide of the coupler,. the
signal travels through an  isolator to a precision attenuator. and
then into the resonator.under investigation. The secondary guide
of the 10db directional coupler is. fed into a 3db directional
coupler which serves as a power divider. The’ signal of the
secondary arm of the 3db coupier is fed through an adjustable
attenuator and a cavity-type frequency meter to .a. tunable detectér

mount. The main arm of the 3db cdupler is connected to a waveguide
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switch. The signal from one of the switch positions is fed
through an adjustable attenuator into a wavequide mixer. The
other switch position may be used for other experiments (presently

not in use).

Frequency Measurement

Since no frequency measurement equipment is presently
available for frequencies up to 100 GHz, a special setup was
developed for these measurements.

For swept frequency operation- the repeller plate of the
A-band klystron is modulated with.a 60 Hz sawtooth waveform.

This makes the klystron signal vary in frequency proportionally
to the amplitude of the sawtooth. voltage. The sawtooth voltage
is also used as the input to the horizontal deflection plate of
the HP 1200B oscilloscope. This allows the horizontal deflection
of the oscilloscope to be as an approximation proportional to
frequency. When the klystron signal is displayed on the oscillo-
scope (és a function of the repeller voltage), each position of
the trace represents a frequency.. In order to know the fregquency
which corresponds to each horizontal position of the deflected
beam the heterodyne. principle is being used.

A c.w. signal of known frequency {(within the range of our
display, which we can find by use of a cavity-type frequency
meter) is mixed with the A-band signal. The A-band signal is
changing linearly in frequency if we keep the amplitude of the
modulating sawtooth relatively small. The - known c.w. signal .is
the result of frequency multiplication within the mixer and
originates in an x-band source that can be tuned to have its

harmonic frequency within the range of that of the swept A-band


http:signal.is

34
signal. The x-band signal is fed into tﬂe frequency multiplier
mixer. The x-band frequency is continuously monitored on a high
accuracy frequency counter.

The harmonic of the x-band signal forms a beat-frequency
signal with the A-band signal. If the interference signal is
superimposed on the mode pattern.observed on the screen of the
oscilloscope, a zero beat pattern can be seen. This' pattern
actually is-a sine wave with a frequence equal to the difference
between the instantaneous A-band frequency- which is swept linearly
by the sawtooth and the harmonic of the x-band signal frequency.

A zero beat occurs at a specific position of the beam when the
known harmonic of the x-band signal is equal to the unknown
A-band signal.. By this, the horizontal. deflection of the oscillo-
scope (sweep proportional to the frequency- of the A-band signal)

can be calibrated in terms of the frequency with counter accuracy.

Circuitry fgr,Frequency Measurements

A Model 540A function generator by Exact Electronics is used
for generation of a. sawtooth. wave.with a frequency of approximatel:
60 Hz. This signal is-applied to the horizental input of the HP
1200B oscilloscope, and-also to. the external modulation jack of
the 62Al1 klystron péwe£ supply for the A-band klystron. This
makes the frequency of the signal of the A-band varying in the
form of a sawtooth linearly with time. To keep. the operation
linear the sawtooth has to be. relatively small. By applying this
same waveform to the horizontal deflection plates of the oscillo-
scope, the display is then a function of frequency. On channel B
of the oscilloscope the mode pattern of the A-band klystron can

be monitored. With a cavity-type. frequency meter the approximate.
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center frequency of the klystron .mode. can be. found. This approxi-

mate frequency- divided by the number of a convenient harmonic
yields the frequency of the X-band, source.

The c.w. x-band.signal-is generated by a Varian-%-13. x-band
kiystron and is fed inte a Demernay Benardi DBGD~350 crystal
multiplier-mixer. The frequency of the x-band gsource is monitored
by a HP 5245A. frequency counter. The other input signal to the
crystal mixer is the sawtooth-modulated A-band-signal. Variable
shorts on the crystal mixer permit adjustments for optimum fre-
quency multiplication and mixing. The crystal current. is not to
exceed 50 pa.-

The output signal of the crystal mixer is amplified in an.
AC amplifier (1L0Hz.to 1.5 MHz) and fed into an Rc—filtggl The
ocutput.is capacitively coupled to the 1ine-connectihg-the crystal
detector for monitéxing the klystron mode to channel B of the
oscilloscope. On the screen of the oscillescoepe, the mode
pattern is then displayed.with-the interference gsignal superim~
pesed on it. The control knob for the reflector voltage on the
X~13 signal- seurce .power supply (HP 716B Klystron Power Supply)
can be used to bring the twe frequencies cleser together.- The
zero beat between. the two spikes of the interference pattern.
corresponds te thé condition that beth frequencies-are eqgual.

The x-band source is constantly being monitored by the aceurate
HP 5245A frequency counter. Multiplication of  the monitored fre;
quency. by the number of the harmonic gives the unknown freguency
at the horizontal position of the beam indicated by the zero beat.

The measurement of & segment of the scope trace corresponds

to a difference in freguency. If the X-band. source reflector
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voltage is modulated (HP Signal Generator 606A)*. The' indica-

tion on the scope has the form as shown in. Fig. 2b . Because

we are using the fourth harmonic, one fourth of the frequency

of- the modulating signal is the difference frequency on. the scope
of the first sideband from the carrier. The beat-frequency
spectrum displayed on the- oscilloscepe is‘used to measure the

half-power frequencies of the resonance curve.

@-Value Measurements

The resonatof%£o be measured is inserted into the experi-
mental branch of the general setup. The signal from the A-band
klystron is coupled into the resonator and the output resonance
curve is displayed on channel B of the Hp 1200 B oscilloscope.
On channel. A the mode, pattern of the klystron is displayed. By
adjusting the positioning of the traces.and the attenuation of
the signals, one signgl is placed on the top of the other so
that the peak of resonant curve touches the klystron mode curve.
(see. fig. 2a )., -The resonant curve is.increased by removing
3db of attenuation making the intersection of the two curves
be at the half-power points of the resenant-curve. Than taking
the beat-frequency spectrum of the. indicator when the reflector
voltage. of the x-band klystron is modulated and aligning the-
first sidebands with- the intersections, the half-pewer. fre-
quency difference is found. We now have a display that appears.
like that in Fig. 2b. Since.the carrier. frequency as displayed

*The x-band.signal- consists of the carrier and side-frequencies
AF apart, where AF is the modulation frequency-.



(a)

(b)

c

"1g. 2 Dual beam displays on oscilloscope for a Q-value measurement.
(a) Initial setting.
(b} Resonance input increased by 3 dB.
A, Cavity resonance curve.
B. Klystron-mode..curve.
B'. Klystron-mode curve with superimposed interference pattern.
C. Zero level.
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Fig. 3

Monitor console for frequency measurement setup
X-band power supply

Dual trace oscilloscope

Function generator (sawtooth wave)

Frequency counter

Microwave circuitry

Modulation signal source

X-band Klystron

Qo TCp




39
on the oscilloscope is.that of the x-band source, - the correct

frequency (because we use the fourth harmonic) is- four times
that of the x-band signal. The first sideband frequency must
be doubled to get. the total frequenéy\&ifference (note that

the first sideband frequency display-on the scope. is one-fourth

the frequency of the modulating signal). With points F., and ¥

1
corresponding to the half-power frequencies, the loaded Q is

2

Fo/(Fszl).
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CHARACTERISTICS OF DENSE WIRE GRIDS

Abstract
As a supplement to preceding considerations, this report
deals with- the characteristics of wire grids' with narrowly spaced
Wwired. The presently used equations are réviewed_from the view-
poeint of their application at decreasing spacing befween the
wires. Modified equations are developed for lossless and lossy
grids_fo; the-regiqp of spacing between zero  and values where

customary equations can be applied.

Introductien
In.,pzlcececi‘:'r.ng''J':epcz)..‘:“t's:I"''2 the characteristics-of wire grids
wéxg,consideieé fo find relatienships to be. used for the study
.and’ the deéi%h of the. fence guide: At the derivations, equations

were'used‘fromva_few major articles 3,4,5,6

and the results com-
pared with those.obtained by experiments. Satisfactory agreement
was obtained. At the centinued study of. the fence guide, less
spacing between.the wires of the grids-ﬁas applied recently. This
had the conseguence that the known equations are no longer appli-
cable and that a modification. ef the previocusly used relationships'
became necessary to. allow computations in’ the region of decreasing
spacing. Derivation of the modified equations and the resulting

relationships for lossless and lossy wire grids are presented in

this report.

Review of. Relationships"
Two basic relationships derived by varioeus authors are knewn

and, can be used for the cemputation of the surface impedance of
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wire grids. One of these was derived directly for grids with

round wires and has the following form
. $ s _ |
ZZF>-J Z, In d (V)

The other equation represents a modified-relationship derxrived-
originally for grids composed of strips. At the modification,
the surface of the circplar conductors was assumed to equal

that of the strips. Ther resulting equation is
> S grd
Zo=jZ, aﬂncsc-g—" (2)

We observe that substituting the argument 1/(wd/s) for the
cosecant, which is valid for large spacings, makes the two
equations become identical. Since in the present case.the .-
spacing and the wire diameter usually are much smaller than the
wavelength, a correction factor, efiginally introduced by Mac-
FarlaneB, is disregarded.

Considering the application of these eguatiens to the fence
~guide, it was found that the second equation gives a larger range
since it can be used for smaller spacing than Eg. (1). The lat-
ter [Eg. (1)] gives a negative impedance if the term s/wd becomes
smaller than unity.- It was also found that Eg. (2) gives better
agreement. with the expérimental results.2

The egquations can be‘rewritten in. somewhat different form

by combining the geometry parameters to form separate terms We
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write hence

20/Zy =5 (A)2-4n 2)
(3a)
¢ d s 7d

20/ 2, <1 (NG tesc 3) )
It becomes-advantégequs to substitute- for the geemetry term s/d
a. new variable t = s/d - 1. This variable actually indicates
the width of the gap between the wires nermalized with regard
to the wire diameter d. The new variable becomes- zere when
s/d approaches one and the wires touch each other.

It is interesting to inspect plots, of the secend factors
of Egs.. (3) which are shown. in Fig. 1. as functions:of t. Curve,
A represents- the secend. facter of.Eg. (3a) and B the correspend;
ing term.eof Eg. (3b).- The graph alse centéins the values of
this factor obtained by the evaluation of measurements of the
éurface,impedance-in the X-Band regions described in previous
reports? They are indicated by. D and E. We observe that the
twe curves A.and B.- appreach the abscissa at finite  values of
t. This indicates that the corresponding relationships are in-
correct. for small spacing and- not. valid since the impedance can-
not appreach the value_zero.while a- gap exiéts-between the
wires. A modification of the relatienships-is hence necesgsary
te satisfy the conditioen that the impedance approaches gradually
and. menoteriously zerd. for t.= 0.

As the next.step, an empiricdl methéd is chesen to find. an.
approximate relationshib to represent the- second factor in the

equation- for the wire grid ‘impedance in terms-of t for small
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Geometry parameter, t =-s/d. - 1
Geometry factors for dense wire grids.
A. (s/d)an(s/md).

B. (s/d)in csc(nd/s).
C.. (s/d - 1)%2/4; t < 4,

Fig. 1.
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values of this quantity. The-cenditions for the cheice of a
useful relatienship are the fellowing: The relationship should
be simple, it should give zere for p = 0 and'sbould gradually
become Eq. (2 ) for increasing §alues-of-p. A relatienship
based on t% was chosen to accomplish this. The: relatienship

is shown. graphically as. curve C in. Fig. 1 with a = 2 as a

satisfactory, choice. It is given -mathematically by
S Q S 2
(Ca-b" _ (F-0°
40 L'Z
We observe that the quadratic relationship valid fer s/d < 5
(t < 4) assumes the value of.the secend factor in Eg. (3b) for
s/d =-5 er t = 4. The measured value indicated by E is now.
very clese to the theoretical value obtained by the new relation-
ship. Since- the value-of the -second factor of Eq. (3b) is 2.67
for t = 4 (s/d = 5)}_the~new approximate equatidn for the im~

pedance for small - spacing becomes

2
Zp/Zy = ] (%) 0,167t > :J(—;‘—) 0.167(-3—-:), (4)

Effect of. Conduction  Losses.

It can be assumed: that the custemary relatienships for
taking into conside;atién the leosses-on the wires are.no longer
valid at small spacipg. These relationships take inte account
the 1oéses by assuming that the current aleng each wire is uni-

formly distributed "around the wire and by. adding te. the surface
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impedance of the grid a terms'

8,35?_(|+j) ) | (40)
" where Rs is the surface resistance of the grid material,

There are twe.aspects which have. to be. taken- into considera-
tion for small spacing. First, the distribution in- circumferen-
tial directien of the current aleng. the wires.is- ne longexr uni-
form and is such that the major part of the current flows on: the
input half eof the circumference. This- is-the case since, due
te the. censiderable reflections:bj the dense grid, the fields
and. the surface current are iqﬁ on-the'output;g@dg, Hence, only
one-half of the circumference wd [in the déﬁamihater of Eq. (43)]
is practically available Ee carry the- grid. current. Fq;tﬁérggre,
the current will not be unifermly distributed on.the iﬁpht hélfi
of the circumference of the grid wires. It will be a maximum.
in the center where the magnetic field lihes are dense and low
on the sides of the cylindrical wires where the surfaces of
adjacent wires face each other.. The local.contributions to the
losses. by the parts of the surfaces on’the sides will be very
small since these contributions are proportional- o the sguare
of the relative local surface currents and local magnetic fields.
A satisfactory approximatien is offered by assuming a sSinuseidal
distributien of the current around the input half of the wire,
circumference. This allows. simple determination- of the maximum
current density in the center. The' integration of the current

current
over the input half of the circumference gives the totall per wire
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Center

Circumferential. positien

Fig. 2 Circumferential.distribution of
longitudinal current en wires.
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resulting from the incident waves. We can write

J = J X ) (5)

max ay 2
‘since the average.value of a.sine wave is 2/7.. Based en this
current. distribution, we can subsequently determing an equivalent

surface resistance R ' according to
g ra

303 Rs/ Ty G fo 2'32“(5() Rs dx )

where. the distributien eof J2(x) is given by the dotted line in
Fig. (2). Evaluation of the integral vields
? d
-2/ d 2 2 Ta
Qe R &= 3y (),
av g 2 ax 2,
It fellows
/ o
R'= 2R .:|,f2.3l-?5° (6)
S
8
Taking inte- consideration- that only one-half of the circumference
of the wire is available to carry this current, we find for the
contributien to the impedance of the wire grid
SR R )
- S (1+}) = Shg (7
Z = + 2.46 [+
wo™  gd/2 J xd (

This indicates- that fer a.closed wire grid the effect of the

losses increases by about a facter 2.46 in ceomparisen with wide
grids,

The variatien of the- constant,2.46 with-increasing spacing
can. be taken into account by substituting for it a term which
linearly decreases.with increasing t.. The assumption-is made

that)fer a spacing given by - t = g’the constant has decreased to


http:constant,2.46

48

a value 1l-giving the-eqﬁation-the customary form expressed by
Eg. (QQL The relatienship which satisfies these conditions is

given by

2,46 - 0365t

It follows that the approximate equation fer the. contribution of

the conduction losses-to the surface impedance has- the form

Zyo = (2.46-03651) %%(|_j) . (¢)
{

The equatien is-valid in the region-0 < p < 4 (1l < s/d < 5).
The total approximate surface impedance of the wire grid

in this- region is hence-

d 2 s R
Z, = 01672, 2 (3 -1) +(246~0365%)2=(1+))."
w ~d 0 (d ( )’Jl‘d J) (9)
’ axac
The derived relationship will be used.-until morefequations will
become, available. It can be expected, however, that more

accurate eqguations will not drastically change the relationships.
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FENCE GUIDE MEASUREMENTS

Abstract
Measurements of the field distributien in 175 mm long

fence  guide sections. are discussed and an evaluatien of the

parameters is made.
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In the previous progress- report. (NGL-.34-002-047 of February
15, 1970) electromagnetic field.measurements were.carried out
at 35 GHz on a. fence guide medel 47.5 mm loeng. The measurement.
setup was- alse included. At present measurements are carried
out en a lenger. section ef fence guide. -

Two 175-mm long fence. guide- sections were fabricated using
copper wires. ef diameterx dw = (.862 mm, Spacings.sw = 1,17 mm
and 1.016 mm on a dielectric sheet with-a thickness 24 =-0.80 -mm
and g, = 2,53 (Rexolite). The prototype sectiens are shown in
Fig. 1. The measureménts were made at 35,0 GHz and an improved
capacitive meneopole with compensatien was- used.as-a field. probe.
A thin copper sheet was- used as a, short.in some cases of the
measurements and the output respense was- recerded with the help
of an X-Y recorder.

The VSWR pattern with load end sherted (Fig. 2) was- measured
ever. the full. 175 mm_leﬁgth of the fence ' ‘guide., The minima
over the entire-leng;htwereipreciseié located and a mean separa-
tion of 5.442.mm found. ~The guide wavelength for- the fence. guide
at_35 GHz computed from the average distance between the minima
is kg =110;884 mm.

The field decay was-measuréd in the x-directien.away. frem
the dielectric, with théwfence guide shert, circuited, at the
lecatiens. of first,. secend and the_feurth'mgximum and_ up to. the
height of the fence wires. Thegexpenentia;=decay of the electric
field was. pletted on a linearized.- db scale.(Fig. 3). If averaging

technique. is used,the lines are straight and, fairly parallel te


http:5.442.mm

Measurement setup for the study of
cylindrical-reflector resonator.
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Fig. 3 Exponential decrease of field strength
inside the fence guide
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each other. The slope of the lines gives the expeneﬂtial decay
factor . varying semewhere in the range of 1.67-dB/mm tg 1.80
de/mm. The cerrespending decay factor as measured on the Standard
"H-guide has an. average value of 1,53 dB/mm.

‘Field measurements were made to compare’ the-.level of the
field.strength. inside (Fig. 4) at the center and outside (about
3 mm away frem the fence) with a short circuited lead. The field
strength. ig indicative of the leakage-of field through the wires
of. the fence. The maximum field measured ocutside was at least
36 dB below the maximum field inside.

The variatien eof the x-component of the electric field in
the .trangverse direction-was- measured at the location of the
first three maxima frem the shert circuit for wvarious. heights
abeve., the dielectric sheet (Fig. 5). The variation has a sine
form as was expected. It showed some irregularity in. the feorm
for the third half-period.

Figure.6 shéws’£ﬁe field distribution measured in transverse
direction at the level  of the upper edge of the.fence wires. The
parameter is the distance:- abeve the.upper edge.

In an effort. to ebtain. some. idea. of the attenuatioen- in the.
lengitudinal directien, VSWR measurements- were carried out using
a tunable-matched lead.: The pattern obtained had a reasonable -
trend for the envelope and, the attenuation was. preliminarily
computed at a standing-wave ratio 1.05 for the lead. The value

s@ obtained was .066 dB/mm. The measurements. are being centinued.
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STUDY. OF OPEN RESONATORS  WITH CYLINDRICAL REFLECTORS

Abstract
An experimental investig;tien_of a non-cenfecal open

resenator. with.cylindrical reflecters is reperted. The
resonater was operated at 36.8GHz. Measurements were made of
the @-value and of the field distributiens as a function of re-
flector spacing. Meode numbers.were. obtained from these plots
and an attempt was- made to find relatienships- between the mode
numbers m,n,p, the spacing 'iﬂ between the reflectofs, and the

Q-value.

Intreductien

In-several-papersl’2 related te the study of epen resona-
tors fer millimeter waves, cenfocal systems. (distance of separa-
tien between the reflecters equal to the radius of curvature of
the reflectors) which are censidered eptimum from the point of
view of diffractien losses were investigated.. The pessibilities
of instabilities- of this system Qere reperted°$’4

Investigatiens made in this laboratery on twe cenfocal
resenaters'with-cyiindrical reflectors. manufactured te nermal.
machining toleraﬁﬁes-gave unsatisfactery operatien and relatively
lew Q-values.. Hewever, regiens of censiderably higher '@' of the
order of 30,000 were observed with- the. same- reflectors for re-
duced distance between the reflectors (r/2 < b < x).. Based on

these results it. can be cencluded that deviations, frem confocal

geemetry may be preferable. The tolerances. at the fabrication
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of the two reflecters and alsoe the uniformity of. spacing between
them may net hawve te be as rigid. as required for. the confocal.
case. A detailed study ef the preperties of. nen-cenfecal systems

is in progress.

Expe;imentglgstudy

The- main.purpese of the present investigatien is teo study
the- properties of the open resenateors with- cylindrical reflecters
ever a wide range of spacing between_£hem and to find-eut. whether
there exists any relationship between the @-value, the geometry
parameters, and-the mede numbers. Field distributions are
measured ingide.the cavity at resenance, the mode;humbers deter-
mined, and the @-values found. The setup used for the investiga-
tiens. is .shewn in Fig. 1. The geemetry of the cavity is indicated

in-Fig. 2.

Results
The distance of separation-was- varied within the range
0.5 < r/b < 1. A manual, system was used to move one of the re-
flectors with respect te the ether in.such a way that the aper-
tures- of. the reflectors remaineQAQarallel and their symmetry blgnes
coincide; In two ranges the ebserved Q-values were of order of
30,000, The distance between.the reflectoers in these.twe ranges

were

=
o
R

/2 + 0.5'cm

b
o
H

‘r - 0.5 cm
A considerable mode interactien and. irregular resenance patterns

were observed for other spacings. The resenance pattern of seme.



Fig. 1 Prototype sections (L = 175 mm) of fence guide
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eof the'high.‘Q'.modes were net symmetric, and ne cerrelatien

between the Q-values and spacing- was- found.

Measuyrement of Field Distributions.

The aperture distributien as well as the transverse dis-
tribution were obtained by meving a compensated probe~inside‘£he
cavity and. using the output of the probe. te drive a pletter.

The ploets. are shown. in Figures 3-and 4 feor varieus. values of
'k'.. From Fig. 3 it is verified that the, aperture distributien
acress the reflector is approximately Gaussian.  The field at
the rim is: about 12 db below that in.the center. An example.

of. the transverse field distributien:is shewn in Fig. 4. The
mode. numbers were obtaihed by evaluatien of the transverse

field distributions. Neo ceorrelation seems to exist between

the mode, number n-and the.Q-value, The only coenclusien- that

one can.draw at this time-is that the Q-value decreases-with
increasing p. Further studies with medifications of the coupling
elemepis between the resenater and the;waveguide-ceupliné.energy

in and eut are in proegress.
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OPEN-WAVEGUIDE CHARACTERISTICES
BY- FIELD - MATCHING:
Abstract

Field matching methed is.used. fer censidering a parallel-
wall waveguide. Herewith the- cross-sectien-is subdivided inte
regions, those-between the. center cenducter and the sidewalls
and thoese-adjacent to the former. The petential equatiens
derived for the various regions contain two sets of unknewn
ceefficients. Te determine these ceefficients, potential and,
E-field are matched at the boundary surfaces between the re-
giens. The resultant set of infinite-simﬁltaneeus equations.
is selved en the computer using a 20-term approximation. The
peotential:distributiens in x and y directiens aleng twe lines
are pletted and cempared with the result of a numerical selutien.
The line impedance -is. ebtained for several sizes of the.center

conducter and a plet is given.
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Introductioen.

In this reéort, the field matching methed of seol¥ving elec:
tromagnetic field and wave prepagatioen preblems in parralel-wall-
waveguides. is analyzed. It is studied in. relation te a rectangu-
lar conductor.between the-walls. The'results:arg compared. with.
the solution.of the static electric potential prebiem—usiﬁg a

simple.numerical technique.

Field. Representation-
Censider the parallel wall waveguide-with the inner cen-
ductor shown in Figure- 1. For TEM operation; Laplace’s._equatien

is obtainedwhich is applied in' the two regions I and II:

y
2 A
V¢, =0 3 d , o<ys a ,
: S
Ve. =0 ~dgxgd e<Yg C
I
. c E
The two outer conductors i II.
——
are at zero potential and the d %
Fig. 1 Cross-section
inner conductor has normalized of waveguide

potential of unity.

Laplace's. equation.is
solved in region- I by separatieon of variables undexr application
of the boundary conditions:

b -0 @ Y=0 wmf y=a ; &, o0 as X —» oo

The solution may be. written as the series-

AT (x-d)

Q [
@(z::f) = A e Ao 274 x5 d - olYy ¢ %

LTS R
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In region II, the solution to the potential is constructed
by the following consideration: If the inner conductor is.ex-
tended to infinity in both +x and -x directions, the potential
in regien II approaches the linear variation shown in figure 2.

b = Y 0 gsc g

s

& =/ c<yg< %

This can be represented in

a series of the form

s [ nn- y
@L=;§:.f$ A E'g
Hul3,=
in which the B's are the Fourier Fig. 2° Potential distribution
- for infinite-width.
coefficients. and may readily be. : slab

calculated. In the case of a slab of finite width, the potential
distributioen- in region II will deviate from the above linear form
by a functien A¢2. A¢2 is written as. superposition of twe cen-
tributiens, A1¢2 and‘A2¢2

| B = ME + A b

A,$, is the deviatien from the linear.distribution as-a result

of removing the part of the slab where x < =d (Fig. 3-a); 8,9,

is the deviation due to the removal of the part of the. slab where

x > & (Fig. 3-b).

Fig. 3 Cross section of guide with semi-infinite slab
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Al¢2 may be expressed by. a Fourier series

_mﬁ(x-ﬁd)
: , Cm e Aen o C

[l

[ZaY
[T
o,

Similarly,_A2¢2 is- expressed. as

’ Mﬂ-(x-—ﬂl) \
be#, = Z C., Ain 2T g o5y ¢ =<d

m:fz

Note‘that-Al¢2 and A2¢2 are.equal to zero when x approaches
+®. and - respectively. Alse, it is evident that-by symmetry,
the constants of the two series are  identically Cm'. The total

deviation is found te be

A¢,_ n'Aré +A?_¢z

ZZ; Co Cbﬁ'“”* A@;m”g
mcf.; -
where’
-7
<

i ’
Cm - .Z CM e -
The total field in regien II is ¢é = ?2' ¥ A¢2 which may be.
written in either of the follewing- twe forms:-

42?:- B, AuZy + :Z , CL‘%sh%Fzz&L@gy’ o<y <

n=h 3, meh 2
or
7 . &
&4 *

§Q.
"

A
L.
A

N[o

2 B ATy .

PRVE I
or

4
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Final Equations fer Potential
Rewriting the relations feor the potential in,each, regien
we. have:

In regien (1}, x > 4

N f?ﬂ‘(x...d)
a .
Py = Z A @ Aeen ‘—‘:-’rg oy < g (1}

;1';/)3' -—

In. regien (2), 4> x >-d, the field may be written in. two forms

ZXEND) =Z}_ B Antly 4 Z_ Cin Cosh m AT g o{y<e
A=43,- -~ m=hz--

(2)
Bmy) = ZE,AIM'—"—Ty ey A%

[Chay

o (Y = cc? + Z Con Cosﬁ’"”x/.l&,.m’rg 0 £§ < c

m=fZ,en

(3)
Blry = 4 ccy <asn

Field Matching
The ceefficients A anéLCm are to be ev&luated. This is
done by matching the potential and the electric field at the
beundary between the twe regiens, ebtaining twe systems of

equations invelving A's and C's. and selving them simultaneously.

Matching ¢:

Evaluating and equating equations (1} and (2) or (1) and

(3} at x = d we obtain

744 ATy = Z B A 22 S +_ZC (og/,mn'o{/lmmrrg

nel g n=l3 el

Z_ Ay fiwnry = 2 B, iy o

n=13- Azp3,0



72

er — —
”é”“,‘ An/lmf’aﬂ"g =2y + MZ.,z.-.Cm Cosh .n:rrd Y/ ‘”;_,qu gy <
~ (5.
nir
Ly ATy = cysn

Each equation in (4) or (5) is'multiplied by s=in g_g'[r_ y. and
integrated in its proper. regien.
Equatien (4 gives:

/Z(A B}Am'm ﬂw””g c/éf /Z_ Co Cos/zm’fa’/lmmﬁgﬂddnfrg c/;

@ H=)3,..- C Mol

/Z Un-8) flusy tiniTy dy = o

€ hsy3.

Adding the above and neoting the orthegenality preperty of the

left-hand side, we have:

?Z‘( (A};—gn) = Z Cm Fl'nn (6.
Bz fZ, e
where
C
Fun = Casé’_z.ﬂ’of//lch’;ﬂg/lg;%z;cfg

Equation (5) gives
/2_ ,4 Mnfraqﬂmnrryc/y = Z{‘/ﬁﬂm’;_,’r;a/j +

nzf3 e
/Z Cu Cosh ZTd Aia 27y Ao 2T °/j,f

ez hz--

aly,

aly
</ﬂ ;Ei_ Anada;%{jﬁda;?gay d& = \//-4A%;g¥2y o

F Y - S <
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Again adding the two eguations and, using the orthegonality on

left-hand. side yields

z
jﬁa 4, =:Gi§z& xﬁﬂggg + 'Z%Z C,. (7)

which is equivalent te Eq. (6).. We'observe that the first right-

hand term correspends te.B, for the trapezoidal distribution

according te Fig. 2. Eguations (6) eor. (7) actually give only

one system for a. relationship between the A's and.C's. To find

a second system of equations, another field gquantity has to be

matched at x = d. There.are twoe possibilities:. (a) matching

E at x = d, (b) matching Ey'at-x = d.

Matching E:

In each region

PR
In region (I),
. AT (- d)
£ - ’%\(")Ae A Ty {g (%
In region (IX) }
é_;:L”_L_CS'mAﬁLMMKj e{ y<c

h‘l:',l,*""

Evaluating and equating the two equatiens at x = d gives

7 DALy = 2> G Said ey gy e
LESE R 2 e

Multiplying both. sides by sin EEE y and integrating frem 0 to c

and’ noting orthegenality property of the right-hand side, Wwe-
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obtain.
E o .
HehZo 4” Gom = =z gmlf_ﬁzf_f,;/ - G (8)
=42,
where
C
@ - = hr Lo 27 ¢ 4, AT o
Am T a ‘Z—dc! '—Z"j ;

o
Matching Ey :

In each ' region EY is: found by:

> &
| £y = %7
In regien (I)
=T (- o)
'gﬁ : h=43 _z;_:f /4" &= C‘”ﬂ.y 255 € “z
In region (ITI) '
é};""Z/ +m2_fz ~}—Zf(m‘CosA'—”é’-rx Coc 2Ty 05y <
£y =0 A

Note that the result of ebtaining the EY frem (2) or (3) should
be. equivalent. That is, the above 'set of equatiens. giving E

in regien II is equivalent te the relatien ebtained frem (2):

L -0 M8ty 4+ >l Gk Gs My acqcc
#2)50ne
é‘; = Z %Z,’, GS”Z? 'C<y€q/2
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Hence in matching EY.at.x = d, either of the above representatiens
may: be used. For completeness, let us_ use both and find the re-

sultant relatiens.

Evaluate Ey at x = d frem both relations and equate’ the

result.
27 4, Cos 2T = z ar L1
’Z SR u:f,ap--qg"cas"“? 7 0¢y <
4 S— m”fasﬁ m’rafCag ?, (9)
R
T 7
LZ 5;;*4,, Cgs Ty = L 7B, Cos 27 y <Y<y
h=h3~-- T
or
> A4, Gy - L g ZC’-—(’.,SMMOSH";/ 0545 ¢
hzf 3. A=42,-~-

> Thlutry o <y<n

h= 533---

!
Each equatien in (9) is multiplied by cos EEE y and integrated

in its proper region.

Y / Z . fwﬁ“‘”"jcas 2y Gosafly dy
J‘”Z‘%%@s%fﬁ@f’%fidﬁ /Z"”Bcas Ty Cos Iy dy 4 oo .

Add the two equations, use orthegenal preperties in (0 - a)

regien- te obtain

Lallla,-8) - > G 5, (11)

M:/)?_}-- -
where

™

. ”;’TC A’”” /Ca;'””'ay Cos 27y dg
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1

If Bg. (10) -is multiplied by ces EEE y,.integrated in. proper

regien.and each part of it added, we obtain

C

Lo L4, = ,/f/ Cosfy ey 4 :ZE: Cr Fonn

7 = Ml

Summary of -the result of field matching is. as follows:

Matching ¢ at x = d:

;452(3ﬁ-— ;§:: C: ’QLH

Mzh2,
or
/ 4 ;z
L g —_—— /l hir — E C e
4 ” hm)* c a = S hy

M2
Matching EX at x = d:

ZA‘ :fgizéfﬁg.ch

Azf3,cnn

Matching Ey at x = d:

?i”’r(/j_‘f"gnj = Z Cm . ‘C-m/n

}h:!, 2,-.‘ .

or <
,1}// 1 4 E C e
‘?-(”)74/; - Z (05 a— .

To find A's and C's from the above. equation systems, two of the

equations (6), (7), (8), (11), and (12) must be solved simultane-
ously. Obviously Egs. (6) and (7) taken simultaneously will net
give any useful result., Similarly (11) -and (12) are net inde-.

pendent.

(12)

{6)

(7).

(8)

(11)

(12)
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The other possible-combinatiens which should be investigated are:

Egs. (6) or (7).seolved with Eg. (8),

Egs. (6) or (7) solved with Egs. (ll) er (12),"

Egs. (11) or- (12) solved with Eg. (8).

Selving [(6) ,or (7)] with [(11) er (12)]:
/411 - Ep = g’ _Z Cm :mn
P
'41’:’" 57# = ‘;f'”": g Cm 'é_lr:tﬂr
Z CM (Z/ g’?n - Zj—;gﬂn’)

#

L ivd }”/C
b = Cospmrd () 4. nre [ _T7C ]
< Fa a (L) —("4)*

MY

= K.
, sl

Eun = ’Z’_’r-(oséﬂﬂf.fﬂ,dé"ﬂ’f/ 4/ T

£ omnm
e ln/c)’-_(n/;,‘,}z

= O

2 G (k2 - fo222)

7 ac

Therefore, ne useful informatien is obtained.

Selving [(6) -exr (7)1 with [(8)[:

Find.cm from (8) and. substitute in. (7)

=
C’” = g/'mzrc/ Z ’4

n= 1,8

La Ay — 2% g ke =L >
54 R (kﬂjzf M T = Z by T g:;tﬁ”’_m/ /4”‘(7
[ =4

Ik:;Z}s..
S" E 4 ?_ Ghm . ;v—nk _ 4&.460; é;;r_c
PETPI Malz, .. Sinhy v B (4m* <

é:_ /)3_|§-:'-- -~

(13
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This is selved by taking a finite number of terms, then.A's

are' substituted in (8) ‘to find C's. :

Selving [(8)] -with [(1l1l) er (12)1:

Again'cm from Eg. (8) is-substituted in Eqg. (11):

=1

Ly

2 4 , 7
Lirlh-8) = 2 & mgem > A Gl Bl
7 < ”=/;3,~--

or

2 d / /
Z A4, Z 7T Sk w7d Co ik = AT = —LhT (14)

ﬂ://?,;u mm}%u_
Jé =/ 3,..‘:: e
Again, the above may be expanded by choesing a finite number
of terms and the resulting system of equatiens. is selved for
A's. The A's are.substituted in either Eg. (8) or Eq. (11)

te find C's.

Cemputatien ef Capacitance and Impedance

Selutiens of. Eg. (13) were obtained for the cases where
each series was. appreximated by its first 20, 25, 30, 35 and 40
terms. It was observed that the value of the capacitance fluct-
uated enly in the 4th.significant figure (less than 0.1%). The
results cemputed here are oebtained frem the 20=-term appioximétien
of Eg. (13) in which case dndices k, n, and m are given the
values 1,3,5 . » ., 39; 1, 3, 5. . . 39; and 1, 2, 3, . . . 20
respectively.

Once the coefficients A's and C's are coemputed, the field
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cemponents may be determined by differentiating the petential
functieng. The tetal charge-per unit length of the guide is eb-.
tained by integrating the nermal compenent of the electric density
vecter at the.surface of the. guide walls:. The capacitance is by
definitien the ratie of. total charge to the:potential difference. .

Censidering the symmetry of the structure, we write:

d o
I I
C-Q -2 4é‘,{ £ 4 f J
v v j[ d Jgsa x4 dl% ]gzaz

[~

Evaluating the integrals and. substituting.V = 1, the capacitance

C = e, {-g- + Zcm%h*@ _;ZA..

is.

C <

where c, is the velecity of. light.-

Fig. 4 shews.graph ef line impedance versus c¢/a,.with
zd/a as, parameter.

Figures 5'and 6 shew the comparisen of the potential in the
guide computed from the field-matching methed and the numerical
technique described in the- appendix for one particular case where
c/a=l.1/4, 2d/a = 1/2. Tt is observed that the two results agree
quite well. The maximum deviations eccur along the lines origin-
ating frem the cerners of the inner cenducter and in the- vicinity

of the cerner.
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Nermalized potential-
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Fig. 5 Potential variatiens in y-direction, {(the
dots, indicate the result of field-matching
method).
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Fig. 6 Potential variations in x-direction. (the
dots, indicate the result of field-matching
method),
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APPENDIX
A numerical selutien ef the petential in the waveguide is.
compared with potential obtained from the field matching methed.
The numerical technigue outlined here is based. on finite-difference:
solutien eof Laplace's eguatien.
The petential near any peint (X,y) may be expanded in a

Taylor series disregarding higher-eorder terms

> 22
¢(x+.&x,;{) = Hlz,y) +.Ax,-£ + A_:: -%.;?z

z
= K A 2%
Ple-sny) = Feuy -ox L+ X af'z

Bz, esy) = By + Ay%? r 247 2P

z gz-
- z _ sy 2P 29" 2%
Ao y-tg) £ Bug -y 55 + 220

Cembining the first twe relatiens, we obtain

2 . fé(x-mz;;t) —2 By} + & (x-bx, 4

——

Px®

D

Combining the next two equations gives

2 . B - 2 @ay) Fbix, y-by)

ag> = Ay2
32¢ 32 ¢ . . G ,
IE " and " are substituted in, the Laplace¥> eguation and
X 3y )

Ax = Ay = h,; we -obtain

Bxy) = ;’[9’4(145,3) + Plx-h,y) + B, Y+4h) + ¢(x,,5r*é}]

In order te utilize this relatien, the cress-sectien of the

waveguide is divided inte a grid where the.size.of each mesh is
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h x h. According te the abeve equatien, the potential at each
noede (grid intersectien).is obtained by averaging the-petentials
of the four neighbering peints (see Fig.(7 )« After the potentials
of all the nedes which de net lie on beundaries-are' successively
computed, the process is repeated evef again; each time using
the previeus values until each nede-petential cenverges to a
fixed value or until its variations become, smalier than a pre-
scribed t@lerance;

The convergence of the iteratiens may be impreved by intre-
ducing a procedure used in relaxation method for difference
equatiens. The precedure is te purpesely under- or over-appreximate
the poetential at each.step. If the"change;of petential after the

kth and (k + 1)th iteratien is R®

E“ - ﬁéﬂ _ ¢K’

then, instead: ef finding ¢k + 1 frem

¢/€+/ _ gﬁé,{-/?k
we use

gdi?’ _ géé_4,gg?k
where B may be less than or greater than unity and is. dependent
en the geoemetry.

As shewn in Fig 7, the.grid lines. are.chesen such that
each beundary or. knewn petential surface ceincides with a grid
line. It sheuld: be ﬂeted that the accuracy of the cenverged
potential values is dependent on the fineness of the- mesh.

In Fig. 7 the boundary cenditiens are, given. by the zero

petential en the walls at y = 0 and vy = a. In additien, it is


http:intersection).is
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assumed that the petential is-negligible &t i,xl for xi = 1.7:
This is justified since the petential-variatien in the x-direction
is prepertienal te exp(—agz) and foer §:i 1.5 its magnitude droeps

te less than: 0.01 of its value at the center conducter.

P (x,y-h)

- P(x,y)
P(X h,y)\-‘\ // 4

7
%, P{x +"h,vy).
<k - \P(x,y + h)

\ Vo
//

(b) .

— e e e — o ww— o —— -

(a)

Fig. 7 {a) Cross-section-of waveguide with grid

(p) Enlargement of the insert



Bleck Diagram of the Cemputer Program
for the Numerical Selution

Dimensien array of 40 x 140
P(40,140)

\

Bet values of nedes on outer boundaries -= 0

¥

Set values of

nedes on. inner conductor =

1

¥

Set wvalues- of
approximatien

inner cenducteor

all other nodes, by linear
froem outer beundaries to

Y

Starting at the first nede, noet-en the boundary,

compute each neode value by:

1

R = 7 [P{I-1,3)+P(I+1,3)+P(I,3-1)+P(I,J+1)]1~P(I,J)

P(I,J) = P(I,J) + BR

Skip the nedes

.en the inner cenducters,

Compute the value of next node

A

y —

All. noedes
have not
computed

Net converged

All nodes
been | have beén

computed-

Converged .

‘ 2]
Check for —l

convergence
of wvalues

]

Print out. the values of the

Jnodes
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