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" Sectlon 4. DIELECTRIC WAVE GUIDES: CALCULATION OF A MULTI-
LAYER WAVE GQUIDE

G. D. Rozhkov, A. S. Belanov, V. F. Vzyatyshev

ON THE APPLICATION OF DIELECTRIC WAVE GUIDES IN A SUB-
MILLIMETER WAVE RANGE

At this time there are several factors which prevent the wide-
spread application of dialectric wave guides (DV) in a submillimeter
wave range. The basic factors appear to be attenuation and the ne-
cessity of reducing the lateral dimensions of the DV in order to

maintain a single wave regime.,

Attenuation in DV, although slower than in hollow metallic wave
guides, is increased with a shortened wave length. With current
materials with a loss angle on the order of 2-10'* for single wave
wave guides®, it reaches 6 + 10 db/m, somewhere on the border be-

tween the ranges of millimeter and submillimeter waves.

In connection with thils, for the apvplication of DV in a sub-
millimeter wave range, it is necessary, orimarily, to achlieve a sub-
stantial reduction of attenuation in them., One of the possible ways
of solving this problem involves the use of DV made from specilal
materials, In fact, owing to the peculiarity of the propagation
mechanism in DV (62), the basic cause of attenuation appears to be
in heat losses in the material of the wave guide, so that the atten-

uation 1is proportional to the loss angle of the material.

®*) They exist in the form of DV with a significant slowing down,

which can be subjected to bends and twists,

(1)
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Is it possible to lower the loss angle of materials in the mil-
limeter and submillimeter wave ranges? Speclalists on the eleotrio-
al properties of dielectriocs think that such possidbilities do un-
doudbtedly exiat (63)., As far back as 1964 a pslveathylene was derived
with t’ 3: 2725 at a frequency of 55.2 ‘Gn"d ocyoles per second
(64). If such a loss angle was maintained up to a frequency of 300
Eiﬁ’i cycles per second, then DV from this material would have at-

tenuation of around 1 db/m for a wave length of | millimeter,

Recently a report was published conocerning work being done bty
gseveral English firms aimed at finding special materials for DV,
having signifiocantly smaller losses in the submillimeter wave range,
than in well known materials. In (65) is a discussion of the first

achievements in thls direction,

Nevertheless, sven if materials were obtained with small losses,
difficulties remain which are connected with the small dimensions of
the cross section, It will be diffiocult to implement such DV with
the fulfillment of necessary allowances, Besides this, with the
saall dimensions of the DV the junction of the wave gulde outlets
of the separate nodes 1s hindered during the assemdbly of devioes

made from them,
Specific difficulties are caused by the fact that the approach

to the DV, for example, for the purvose of fastening, of each of the

external subjects disturbs the inner slsotromagnatic fleld and causes

(2)
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additional losses and emission. In the millimeter range satisfact-

ory solutions have been found to the problem of fastening with the
help of elements made from foamy materials, and also with the help
of metallic elements., In the submillimeter range elements made fronm
foany materials can become impracticadble dbecause of commensuradbility
of the dimensions of their pares and wave length, and in metalllc

ne
elements,fastenings excessively increases the ohmic losses,

As long as the same DV, especially when made from polymer ma-
terials, have little hardness, it becomss extremely difficult to
ensure the mechanical rigidity of the devices i, ' the DV, and also
to ensure the stability of the relative location of the DV in the

sections of the distributed connection.

It is known (65) that in order to maintain a single wave re-
gime, one should not exceed a certain critical value for higher wave

~/
modes of the so called reduced size d=Jv5,-€‘/)\ in DvV. (1)

From (1) it follows that it 1s possible to increase the physi-

cal dimensions of DV, 4, If the dlelectric constant of the material

of the DV, §,, 1s reduced. Unfortunately, the minimal value of £
of known uniform hard dielectrics 1s close to 2. The use then eof
porcus-magterials ltke foamy volystyrene 1is difficult because of the
necessity of deriving the pﬁuc by the diameter, of a signifiocantly
lower wave length, and Also because of insufricient rigidity of the

latter.
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Nevertheless there is another pos=ibility of raising the la-
teral dimensions of the DV. It involves the increase of the die-
lectric constant of the environment of £, in (1). In practice this

corresponds to the transition to a multilayer DV,
Multilayer DV

The simplest example of such a DV is a bar made from material
with 8, in a massive uniform casing made from material with E . If
such OV are made, for example, from polyethylene (£,= 2.28) in a
teflon ocasing (£‘=2.08), the lateral dimensions of the polyethylene
bar might be lnoreased approximately 3 times in comparison with the

case of its dispesiéion in atr (Eaa 1).

With the use of the multilayer DV it ts easy to also solve the
problem of fastening, is long as the fileld in the casing is quickly
dampened during removal from the bar. The prodblem of the junction
18 also alleviated, Neverthelaess if the casing surrounds the bar of
the DV on all sides, access to the inner {ield of the DV is hampered,
and also the control of the parameters of the devices with the dis-

tributed connection,

One must not forget, that together with the useful effect -
the increase in the lateral dimensions of the guide bar and area of
the fleld - of the DV the guiding properties deteriorate in the cas-
ing. They can be characterized by the value of slowing down }‘ with

()




respect to the environment, which can not be more than the value
;“ ;E‘Tejt -/y and in a single wave regime, as a rule, does not ex-
ceed the value ’3“ ﬁ,?.m/Z. For example, in the variant of the
polyethylene-teflon DV discussed above ? £ F” ~

The poor gulding properties of the multilayer DV are revealed

in the fact that emission in the bent secti.ns will occur even with

extremely large radii of the curvature. The most significant might

appear to be the fact that the total (for emission and heat) angle

attenuation in the bent section with radius R 0'-‘0 = °",' + d-,-R,(Z)
as was shown in (66), can not be less than certain minimal value
X .p &ttalnadble with an optimal bend radius Ro,,t. We shall make

£6 nw
an aporaisal of these values,

FPor the angle attenuation owing to the emission in db/rad from

3
(66, 67) we have OL; = 553; exp (-11. BR'Z:. é). (3)

where 3 is the slowing down of the waveé with repect to the medium

R = R/Aa. 1s the relative radius of the bend in wave lengths in the
surrounding medium Aa = A V’f‘; .

For heat loss (in db/unit of length) from (66) it is possible
K9
to record (X, = iL""E\/ *—9 JK +-t$é‘ K-'l] (4)

where 8, and Sa are the angle losses in media E‘ and fqg k; and k,

are the structural attenuation factors. In our case \[F'/—!:— > ,j
with this k, 4 K, »1 irrespective of the form of the profile and
dimensions of the wave guide, If we stlll put ‘-f 8 A\. then the
cerrelation (4) will take the form O, * ——31 3 (5)

(5)

L'-"—-mJ
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By substituting (3) and (5) in (2) and differentlating accord-

ing to R, for R'opt we derive R:’P't = 0,0848 }a, 2)1, (6)
whare y is the root of the equation (y-l)e-y = o.u97} -‘f?S- (7)
2
By substituting (6) and (?7) in (2), we have (8)
- X
X ggmin =229 198 Rt 7 -
I N S R M
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In the graphs of picyre ] 4the variadbles of the valuas of R:,Pt

(' lcure ) and & gamin (ioure b)Y from the value ‘; . It is ap-
¥
)

the minimal losses in the bend all ready with }‘ { 0.02 becomes in-

parent from the graphs that with current materials (tasx 2410

admissibly large (more than 2db/00°). The optimal radius of the
bend is around 220/\“ and the acceptable value, obviously, 1s only
in the short wave section of the submillimeter range (with A= 0.3

millimeters and Ea = 2,08, Ropt = 4s millimeters),

Losses in the bend can be substantlially reduced with the reduction
.’ ‘,
of £,3. Thus, with t’S = 510 even the value }a = 2,5¢10  1s

(6)




fully acceptable, which corresponds to el/faml.OI and will allow
us to increase the lateral dimensions approximately 10 times in com-
parison with DV in air. Nevertheless, the required bend radii
(35438-103), obviously, are inadmissible in all the submillimeter
range of waves (even withA = 0.1 millimeters and £ = 2,08, Ropi =540
millimeters),

Thus, by using the simplest variant of a multilayer DV in a
situation where it must be subjected to bends, it 1s possible to
realize a substantial (by one order of magnitude) gain in the lat-
eral dimensions only in the optical and near infrared wave ranges,
even then on the condition that the loss angle of the materials will

not be higher than 10°5 4 10 '

The transition to multilayer DV with a nonuniform casing will
oven up the additional possibility of controlling their parameters,
By changing the size of the separate areas of the casing and the
parameters of their materials, it 1s vossible to change the proper-

ties of the DV within broad limits and to obtain such a coupling of

them, which is impossible in DV with a uniform casing. We shall call

such a multilayer DV with a nonuniform casing “composited.'
"Composited® DV

A composited DV 1is this bar made from material with €,6>§, >&,

bounded on several sides with material with E-‘u and on the remain-

(7)
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ing - with a medium with Eg, for examole, with air, Several exam-
ples of such DV are satisfactorily described by the models, shown

in cross section in Figure 2.
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Figure 2
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As 1t will be shown below, examples of the bar of such DV dur-

ing maintenance of a single wave regime might be taken almost as

large as examples of a bar in a uniform casing with E « On the other
hand, with £,= 1 such a DV has free access to the internal field.

But a more attractive feature is the peculiarity of the behavior

Oof the comvosited DV in the bent sections. Emis:ion from the bend

of such a DV must depend on the direction of the bend. One can ex-

pect that the emission from such a bend, during which the free side

of the bar 1is external, 1s determined by the value of the slowing
down 3.' Wwith respect to the medilum with f,. Then the overall dimen- .
sicns of such a bend can be significantly smaller than in DV in a

uniform casing with E&.

Unfortunately, rigorous calculation of the characterisitics of i
comnosited DV 1s exceptionally tedious. Because of the presence of
additional boundaries of partition, this calculation must be sig-
nificantly more comnlex than the calculation of a rectangular DV

with & uniform casing. A relatively simple model, which adequately




deséi‘lbes such a DV wlth5>>q. 1s the so called nonsymmetric plane
DV, representing a layer of dlelectric with E; with a thickness of
2a, the medium of on side of which has a dielectric constant ot‘e,

and from the other - £.,

Operations (68) and (69) are devoted to an analysis of a non-
symmetric plane DV. We have carried out a numerical solution of the
characterisitc equation, and have calculated the wave numbers, the
propagation constant, the effective size of the field along both
sldes from the plate and the structural attenuation factor due to
losses in the material of the plate and adjacent media fromthe waves
H,, H;y Hyy and E,, Ei, Ey and the following parameter correlatlonsi
€)= 1.5; E4=15 £,=15 1,013 £ = 2.28; £ =15 €4=1; 1.05; 1.3;
and 2,083 E,.,z 3.9 £3= 1; E,‘s 1; 1.05 and 2.08 in the wide range

of values presented for the thickness of the plate,

Not beilng able to present in this work all the results, we shall
only carry out the dispersion characterisitics for the case of £,=
2.28 (polyethylene); £, = 1; Ea = 2,08 (teflon). They are noted by
the signee in the graphs 1n pjgures 3 and 4. The upper curves cor-
respond to E, wave in pigure a and H, wave in Figure b, and the
lower ones - accordingly to waves E, and Hg. The value U in the
graphs is the moderating ratio of the wave with respect to the medi-
um with 83— connected with the value discussed earller} in the cor-
relation U s ,Tﬂf— =(1+ 3 )We, (9)

As 1t 1s apparent from the graphs, the value U complies with the

(9)
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inequalities v &3 £ U £ VE, 3 (10)

during which the execution of the left equality from (10) corres-

ponds to the critical frequency, while the right - to the infinitely
high frequencies. The physical meaning of the left inequality from
(10) complies to the fact that the field of the wave in a medium
with Ea exponentially decreases during removal from the guide bar
with 2,; during its nonperformance the fleld in the medium with E?
willl have the form of plane waves, propagated at a certain angle to

the axls Z and carrying away energy from the guide bar.

The Relative Dimensions and Ranges of a

Nonsymmetric Plane DV

Analysis of the critical conditions for the next highest type
of wave has shown that the thickness of the plate with varameters,
characteristic for the curves in Figures 3 and 4, can be taken 3.5
to 3.6 times larger than the thickness of the plate in alr (£,= 2,28;
£1= 1). It is interesting to note that in the case of a uniform
environment (£, = 2.28; Eaz £5= 2.08) it i1s possible to increase
the thickness of the plate only 2,5 times (30% less).

It 18 also interesting to compare the range properties of the
DV under consideration. Considering that the minimal wave length
of the range ;\mu;corresponds to the critical conditions of the next
highest type of waves and assuming that in the maximal wave length
range the slowing down }z must be equal to a certain minimal value

max
?am'n for the overlap coefficlent of the range D -)" /Am.“we have

(11)




D = 'J'KD (11)

Assuming in the case under consideration 7amin = 0,02, for the
nonsymmetric DV we have D,' = 1,67 and D‘, = 1,58, whereas for the

symmetrical variant D“‘ = 1,56 and D;' = 1,49 (9 4 11% less).

Thus, the plane nonsymmetric DV exceeds the symmetrical varilant
both in the allowable lateral dimensions and in the width of the

operational range,
Possibilities of an Approximate Calculation

For the calculation of models closer to a real situation in
plcture 2 it is possible to use an approximate approach, first de-
scribed by V. Shlesser in (70) and extensively used by Ye, Markatili
in (73). It is alse thoroughly described in the summary (72). This
approach is based on assumptions that the fields in the regions
|xlgas |7|s8 can be described as a single trigonometric function
inside the bar and as a single exponential function outside the bar,
and 1t 1s possible that we will not at all be intersted in the fields
in the regions |x/>a; [y/>},In (71) 1t 1s demonstrated that such
an approach will give satlsfactory results for smallf,,particularly

in the region far from the critical frequency.

The characterisitic equation derived by the method described

(12)
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can be represented in the form U= Ua- (—'é""' : (12)
w- \qIrg

where 4 1s the immeasurable inner wave number (66) of the plane DV

with a thickness 2f made from material withf, in the case of model

2; U, is the moderating ratlo (with respect to the medium with.E,)

of the plane nonsymmetric DV considered above,

The results of calculating the slowing down according to equa-

tion (12) for DV with various ratios of 44; are presented in

Fienres 2 and §,

The designations of such types of waves are assumed, as in (72)
to be the following: the literal symbol (E) indicates the field (in
this case, electrical) according to whiéh the direction of polari-
zation is evaluated; the upper letter index (x or y) indicates the
axls of the coordinates, in the direction of which, basically, the
indicated fleld 1s polarized; the lower numerical indices indicate
the number of varlations of the field in the directions of the re-

spective coordinate axes,

One should expect that the precision of these results will in-
crease with an increase in U, The values of U(JE;(the broken line
segments of the curves) contradict the physical considerations, as

long as the waves, going with the slowling down U(,E;must radiate,

Estimations of the width of the operating range according to

criterion (11) indicate that it decreases with a decrease in 6/4,.

(13)
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wnn‘/a.. 2 the decrease 1s small and amounts to 2 ¢ 7%. With

6/@”0.5 model 2 is significantly more advantageous from the point
of view of range properties,
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