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TE1l to HE1l Cylindrical Waveguide Mode
Converters Using Ring-Loaded Slots

GRAEME L. JAMES AND BRUCE M. THOMAS, SENIOR MEMBER, IEEE

Abstract —A theoretical parameter study is given of a ‘IX II to HE II

mode converter consisting of a section of cylindrical corrugated waveguide

with ring-loaded slots. The analysis, using modal field-matching techniques

to determine the scatter matrix of the converter, allows the return loss to

be computed accurately. For a wide range of waveguide sizes it is shown

that a bandwidth ratio of 1.5 with a return loss better than 30 dB is

possible. The low-frequency performance of the converter is limited by the

deterioration in return loss, while at high frequencies the generation of a

small amount of unwanted EH 12 mode is the restriction. If the effects of

this mode can be neglected, operation over a wider handwidth is possible,

particularly for larger waveguide size.

I. INTRODUCTION

M ATCHING OF A corrugated waveguide to a

smooth-walled guide requires a transition section in

which the longitudinal surface reactance inside the wave-

guide changes gradually from zero at the smooth-walled

input-waveguide to the high value required in the corru-

gated output-waveguide. A common method of achieving

this is to use a corrugated waveguide transition section in

which the depth of the slots gradually decreases from an

initial value of A/2 (so that the input slot appears as a

short circuit) to a final slot-depth of approximately A/4 as

given by the corrugated output-waveguide. In a companion

paper [1], James described the use of modal field-matching

techniques in analyzing the performance of this type of

transition section for TE ~, to HE, ~ mode conversion in

cylindrical waveguides. Such converters, however, have a

limited high-frequency performance owing to the excitation

of unwanted modes, mainly at the position of the relatively

deep input slot. This problem is discussed in some detail in

Section III.

To increase the bandwidth performance of corrugated

waveguide mode converters, Takeichi et al. [2] developed a

cylindrical ring-loaded corrugated waveguide with slots as

shown in Fig. 1(a). Making the assumption that only the

dominant mode exists in the slots, they showed the imped-

ance of a ring-loaded slot to be capacitive over a consider-

ably wider bandwidth than that achieved by a conventional

constant-width slot having the same radial depth. This

feature of the ring-loaded slot was used in a TE1 ~ to HE I,

mode converter in a cylindrical waveguide [2] and subse-
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Fig, 1. Cross-sectional view of (a) asymmetrical and (b) symmetrical

slots in a ring-loaded corrugated waveguide.

quently in matching a small-angle ring-loaded corrugated

conical horn [3]. Although few details of the ring-loaded

mode converter are given in [2] and a detailed analysis is

not undertaken, the example does illustrate the wide band-

width performance capability of this type of converter.

The purpose of this paper is to extend the previous

analysis [1] to include ring-loaded slots, thereby allowing a

detailed theoretical parametric study of ring-loaded slot

mode converters to be undertaken. In particular, we are

interested in investigating the factors affecting the low-

frequency and high-frequency performance of the con-

verter, the excitation of unwanted higher order modes, and

arriving at general design data for optimum mode conver-

sion in cylindrical waveguides. Furthermore, our analysis

covers the case of the symmetrical ring-loaded slot (Fig.

l(b)) as well as the asymmetrical slot (Fig. l(a)) used in [2]

and [3].

II. FORMULATION

The mode converter to be analyzed is shown in Fig. 2(a),

where, following the smooth-walled cylindrical input-wave-

guide supporting the TE1 ~ mode, there is a section contain-
ing L ring-loaded slots. The dimensions of these slots and

the separation between them are to be determined from

our analysis in optimizing the conversion to the HE,,

mode in the corrugated output waveguide following the

Lth slot. As in [1], we first determine the individual scatter

matrices for each of the changes in waveguide cross section
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Fig. 2. Cross-sectional view of (a) corrugated mode converter section,

consisting of L symmetrical ring-loaded slots placed between a

smooth-wafled and corrugated wavegnide, and (b) junction between two
smooth-walled waveguides and a short-circuited annular ring.

and for each of the short lengths of waveguide separating

them which go to make up the ring-loaded slots and

flanges of the corrugated transition section. Then by pro-

gressively cascading the scatter matrices through this sec-

tion we obtain an overall scatter matrix from which to

determine the propagation properties of the mode con-

verter. To avoid unnecessary duplication we will rely heavily

on the formulation presented in the companion paper [1].

In the analysis for the transition section containing

conventional slots, it was necessary to determine the scatter

matrix for the junction between two cylindrical waveguides

of differing radii. The equivalent problem for the

ring-loaded slots involves the more complicated waveguide

junction shown in Fig. 2(b). Regions I and II are smooth-

walled cylindrical waveguides, whereas region 111 is a

short-circuited smooth-walled annular ring of depth 1 and

radial width all — alll. In region I the transverse field

E1, HI at z = O is given by

M

where e~I, h~I are the transverse modal fields and A~I, B~I

are the modal coefficients to be determined. Similarly for

region II at z = O

and for region 111 at z = O

P

%11 = ~ ~pIIIepIII
~=1

With TE1 ~ mode excitation in the input guide (region I of

Fig. 2(b)), TEIP and TMIP modes can be excited at each

discontinuity. These transverse modal fields for regions I

and 11 are described in [1]. For region 111 the solution for

the TE 1Pmodes is

l_

[

G(n)

I

—@sin@+G’(Ij)&cos@ sinyPl~ ‘Pm – VP

[

@p) ~ .
h = G’(Jj)@cos@J– y@sm@pIII

P

Y’c;;ypz (4)

where

k=2r/A, ~=m

and

G(L) ‘~1(~)y{7(xpUlII/aII)– ‘{(xpaIII/aII)yl(~)

Vp = Xpp/all

and

Y,=/-

Xp being the roots of the characteristic equation G’(XP) =0.

The solution for the TMIP modes in region III is

1

[

H(L) A

1

ypsin ypl
– H’(~) @sin@+ ~+cos~ jk—epIII —

~ P

[

H(n)
h pIII = 1–~pcos~+li’(~)~sin+ Cosypl (5)

P

where

~(~)=~l(~)yl(Xp~III/UII )- Jl(xPaIII/aII)yl(L)

Xp being the roots of the characteristic equation H(XP ) = O.

Let SI, SII, and SII1 be the cross-sectional areas at z = O of

the regions I, H, and III. Then by making use of the

orthogonality of the waveguide modes, the continuity of

fields over SI and SIII, the boundary conditions over SII – .sI

— s,,,. we obtain the following set of simultaneous matrix
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equations:

where zlI, ~1 are column matrices of M elements contain-

ing the–un~nown modal coefficients of region I. Similarly

&, 1311 are column matrices of N elements and & a

~olufin matrix of P elements containing the ur&=own

model coefficients in regions II and 111. ~ is an N X M

matrix, ~ an N X P matrix, and Q, ~, and’~ are diagonal

matrices—of dimension N X N, M X–M, and P X P, respec-

tively. The elements in these last five matrices are given by

pm.=ji#hnll”ds
S1

qn = J ‘pIII x ‘.11 “ A

‘III

Q..’~ en,, x hn,, ”ds
‘%

R=mm J
eml Xhml. ds

$1

JWpp= eplll X hP1ll” ds. (7)
S1ll

The integrals in (7) can all be evaluated analytically, and

the results for Pmn, Q.., and Rmmare given in [1]. For the
evaluation of the remaining integrals, let XPIII represent

alternately the roots of the characteristic equations for the

TE and TM modes in region III (i.e., p is odd for TE

modes and even for the TM modes). Similarly, let X,lII give

the roots alternately for the TE and TM modes in region II

with u = Xnllalll /aII the evaluation of Upn and Wpp then

becomes

pression for WPP then becomes

(lo)

Returning to (6) and rearranging into the scattering

matrix formulation between the input guide (region I) and

output guide (region H)

we have the scattering matrix element given by

(11)

&1=2[~+PR-13~]-1$— — — —

g,= –[g+PR-1<’]-’[2Q –~– PR-l<’] (12)———— .——— —

where

~= Q–uw-’u=.—— —— — —— —
This equation gives the scattering matrix elements for the

geometry in Fig. 2(b), assuming that transmission through

the discontinuity is from region I to region II. In the

ring-loaded slot analysis we also require the reverse situa-

tion, i.e., transmission from the ring-loaded larger guide to

the smaller guide. In this case, (11) and (12) still apply but

with the scatter matrix elements in (11) exchanged diago-

nally.

In analyzing the transition section with ring-loaded slots

(Fig. 2(a)), we now proceed as in [1] but with (6) in that

paper being replaced by (12) above. (Note that when the

annular ring is absent, either with 1= O or am = all,

[{ Z,,/(%)}2-1]’’2.C(u) (p, n=l,3,5 ...)

2jqa~Isin ypl YP%IIYI(U)/(kXPIII ) (p, n=2,4,6 ...)

Upn=
‘jIII – ‘;II

< 10]

x 2 J,(u)
(8)

jl–~
u

(p=l,3,5 ...) (n=2,4,6 ..)

o (p=2,4,6 ...) (K?=1,3,5 ...)

[

[ ( ~~a111)21 (P=1,3,5 -..)
(x~lll– 1) G2(xP111)–$ 1– x2 sin2yPlWpp=(_l)Pq%aII

4jkX~lll

[ Xp,,,w(xpm)]’ -$ (p=2,4,6 w)”

(9)

In our application of (9), the dimensions of the annular

slot will allow only the dominant TE,, mode to propagate. U W– ‘~= = Q, so that ~ = Q and (12) reduces, as required,
For the cutoff modes the value of XPIII becomes large to the~olut;on given %y (6) in [1].) The only remaining
(being given asymptotically by prall/(all – alll)). The ex- problem is to establish the number of modes P in the
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annular slots which need to be considered to ensure satis-

factory convergence of the solution. In our case, with only

the dominant TE ~, mode able to propagate in the annular

slots, it was found that no discernible change in the results

occurred for P >3. Hence we put P = 3 throughout.

111. EXCITATION OF HIGHER ORDER MODES

The theoretical treatment developed in the above section

has been used to calculate the performance of mode con-

verters using ring-loaded corrugations. In Section IV, the

performance of this type of converter will be considered in

detail and compared with the converter using constant-

width varying-depth slots [1]. Before doing this, however, it

is useful to introduce the mode chart for a cylindrical

waveguide with an anisotropic surface [4]. This chart will

be used to show the conditions under which higher order

mode generation may occur in both types of converters

and in the corrugated output waveguide.

The mode chart appropriate for corrugated cylindrical

waveguides in which the circumferential component of

surface reactance is zero is shown in Fig. 3. Here the

normalized propagation constant k= /k is plotted against

ka, with the longitudinal surface reactance X= (normalized

relative to free-space impedance) as” parameter. For con-

venience, the inverse k/k= is used in the slow-wave region.

The balanced HEIH and balanced EHI. modes occur when

X, = m and these become the TE ~. and TMln modes when

XZ = O. The solid curve ABC in Fig: 3 is the contour of

kz /k for the HE1 ~mode in a corrugated output waveguide

where the radius a = a., slot width-to-pitch ratio 8 is 0.75

and where the mode is assumed balanced at a frequency f.

corresponding to k. a. =2.9 (point B). If the frequency f is

reduced below f. ( kaO decreasing) X, becomes inductive,

and the HE1, mode rapidly approaches cutoff (point A).

For f> f. (kaO increasing) the surface reactance is capaci-

tive and gradually decreases to zero at point C (kaO = 5. 1).

Here the slot depth is A/2 and the mode of propagation is

TE1,. The other solid curve DE is the contour of k, /k for

the unwanted EH ~z mode for the same set of waveguide

parameters. At E we have X== O and the mode is TM, ~.

The value of kaO at cutoff for the EHIZ mode (which in this

example occurs at kaO = 4.2 (point D)) increases or de-

creases as kOaO increases or decreases: see columns 1 and 3

of Table I. If it is essential to have only the HE I I mode

propagating in the output waveguide, operation should be

restricted to the region to the left of D. When operating in

the region between A and B where X, is inductive, the

surface-wave can propagate if excited. In practice, how-

ever, the surface wave excitation is not significant unless

the HE, ~mode is near cutoff.

The excitation of higher order modes at the input of the

converter will now be considered, since it is at this discon-

tinuity that the greatest mismatch is most likely to occur.

For the conventional converter, the input slot depth is A /2

at a frequency j, which is usually equal to - 1.2~o. The

reactance variation of this slot with frequency” is then

o

I
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k
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Fig. 3. Mode chart for cylindrical svaveguide having anisotropic surface,
where the circumferential component of surface reactance is zero, and

the longitudinal surface reactance X= is finite. The shaded areas indicate
negative X,. The first-order solutions for two corrugated waveguide

systems are: — output waveguide: 8 =0.75, with X, = w at kOaO =
2.9; ---- input slot (1/2 at ki) of conventional converters: 8 =0.75, with

XZ =0 at /ciai =3.48.

TABLE I
EFFECT OF k. a. ON BANDWIDTH PERFORMANCE OF TE1, TO

HE1l MODE CONVERTJIRS USING FIVE RING-LOADED SLOTS

(1) Maximum frequency determined by the TEI, mode in the output
waveguide.

(2) Maximum frequency determined by EH12 mode excitation.

_

Value of Return 10ss Excitatim
TE1l

mode in usable

koao level ’30 dB of %2
mode the corrugated bandwidth ratio

output-guide (1) (2)

2.4 kaO > 2.6 kaO > 3.8 ka = 4,10 1.6 1.s

2.9 kao> 2.S kao> 4.2 kao = 5.1 1.8 1.3

3.4 kao> 3.o kao> 4.5 kao = 6.1 2.0 1.:8

approximately twice that of the slots in the output wave-

guide. The dashed curve XYZ in Fig. 3 is the contour of

k= /k for the fundamental mode when the, slot depth is
A/2 at kiai = 3.48 (point Y), ai being the input waveguide

radius. (These parameter values correspond to the first slot

used in the converter considered in’ detail in [1] and used

for comparison with the performance of the ring-loaded

converter in Section IV.) As the frequency and hence kaz is
increased beyond Y, the contour soon passes into the

slow-wave region at Z. It has been found experimentally

that the mismatch increases rapidly just prior to this concli-

tion. The other dashed curve VW is the contour of k, /k

for the corresponding higher order EHIZ mode. Consicler

now the effect of this mode as it propagates through a

converter with the inside radius ai constant and equal to

that of the output-waveguide radius ao, with koao = 2.9, as

above. Propagation of this EH 12 mode will n@ take ‘place

in the output waveguide until a value of kaO corresponding

to point D is reached. Hence, the dotted line WD repre-
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sents the passage of this mode through the converter. For a

kaO value between V and D, the energy will be reflected

from that section of the converter where cutoff for this

mode occurs.

For converters having k,az considerably smaller than the

example given in Fig. 3, the point Z will occur at a lower

ka, value than that at V. The upper frequency limit is then

set by the deterioration in mismatch due to the onset of the

EH1, slow wave.

The ring-loaded converter has a different characteristic

from the conventional converter discussed above. It will be

shown in the next section that the optimum performance of

the ring-loaded converter occurs when the overall depth of

the slots is constant and made equal to those in the

corrugated output waveguide. The smaller slot depth (com-

pared to that of the conventional converter) ensures a

reduced frequency sensitivity. In addition, the first ring-

loaded slot, which has a very narrow opening (-O. lpO),

represents a very low value of (capacitive) reactance over

an extremely wide band compared to the conventional X /2

slot (see Appendix and Fig. 6). Consequently, the contour

of the fundamental mode in a waveguide using this type of

slot lies just below that of the TE,, mode (X= = O), i.e., the

mode is quasi-TE,,. The slow wave cannot be excited

although there is the possibility of the EH ,Z (quasi-TMl 1)

mode being excited near ku = 3.8. However, the excitation

of this mode at the first ring-loaded slot is likely to be

negligible because of the very low impedance presented by

this slot.

IV. THEOIKETICAL PERFORMANCE OF RING-LOADED

SLOT CONVERTERS

In order to optimize the TE1, to HE,, mode match, and

to obtain minimal excitation of EH1~ modes in the ring-

loaded slot waveguide converter section (Fig. 2(a)), it is

necessary to consider the effect and relative importance of

several parameters. These include the number of slots L,

the slot depths hl and d[, slot widths b, and Wl, and pitch p,

(= bl + tl). The corrugated output-waveguide parameters
are aO, dO, tO, WO, and PO (= tO + WO). The slot depth dO

depends on aO and the frequency jO where the HE I, mode

is balanced. To a good approximation dO =

(A O/4)exp [1/(2.5 kOaO)].2 Three waveguide sizes were cho-

sen viz., kOaO =2.9 (for which detailed computations were

made), 2.4, and 3.4. The waveguide pitch p. was set at

O.lAO and the slot width-to-pitch ratio 8 was set at 0.75,

both being values commonly used in corrugated wave-

guides. Note that although it is not a necessary limitation

of our analysis, the output waveguide radius aO and the

input waveguide radius a, were made equal in each case.

2This approximate expression for dO has been deduced from the

requirement that for the slots to present an infinite reactance to the HE,,
mode, we must satisfy the equation [1]

~[[koao] yl[k~(ao +do)]=y{(koa.)~l [ko(a~+d~)]

An extensive theoretical parametric study was under-

taken to consider all of the above factors in the design of

ring-loaded slot mode converters. The main results of the

investigation can be enumerated as follows.

1) The slot depths h, and d,: The slot depths should be

maintained constant throughout with dl = dO and h,=

2/3d1. (These values are in substantial agreement with

those used in the mode converter presented in [2].) Any

variations from these values usually gave poorer results in

all respects.

2) The number of slots L: At least five ring-loaded slots

were necessary for satisfactory mode conversion. Increas-

ing the number of slots gave some additional improvement

in return loss performance at low frequencies (~< ~0). At

those high frequencies where the EHIZ mode can be ex-

cited, five ring-loaded slots produced a predicted power

level of typically 1 percent or greater for this mode. By

using 10 slots this power level was halved, but additional

slots did not produce any further significant reduction in

the level of the EHIZ mode.

3) The pitch p,: Since no advantage was found by alter-

ing the pitch p,, it was fixed at the value POof the pitch in

the corrugated output waveguide.

4) The slot widths bl and w!: Optimum mode conversion

was achieved with W[ held constant and with bl increasing

linearly along the converter. The performance of the con-

verter was insensitive to small changes in Wl, and hence it

was made equal to WO.To achieve maximum return loss

performance, the width b, of the first slot should be less

than O.15p0 (a value of O.lpO has been used in this paper).

Furthermore, at the last slot of the converter, where w~ +

b~, it was necessary to retain the step in the slot, even if

w~ — b~ was as low as 0.015A ~, in order to maximize the

return loss.

The optimized ring-loaded slot mode converter has, then,

constant values for the pitch, the slot depths, and the width

of the ring-loaded section of the slot. For a given number

of slots L (where the use of five slots gives satisfactory

mode conversion but up to 10 slots are required to mini-

mize the level of the unwanted EH ~z mode) the only

variation in the converter is in the slot width b,. Table 11

gives a summary of the parameters of the mode converter

expressed in terms of the corrugated output waveguide

used.

While the values of pO and 8 were fixed at O.lAO and 0.75
for most of the analysis, small variations in pO and ~ were

tried around these values and found not to significantly

affect the mode conversion achieved. In addition, when the

symmetrical slots shown in Fig. 2(a) were replaced by

asymmetrical slots as in Fig. 1(a) (with, of course, the same

values for hl, d,, w{, and bl) the results were essentially

unchanged. The choice therefore between symmetrical and

asymmetrical slots lies in their relative ease of manufac-

ture.

Fig. 4 shows the predicted TE ~, mode return loss for

ring-loaded slot mode converters having 5, 10, and 20 slots
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r\l\

2.6 3.L L.2

kao

Fig. 4. Theoretical return loss of a number of corrugated converter
sections placed between a smooth-walled cylindrical waveguide and a
corrugated cylindrical waveguide of pitch= 0.1 A ~, 8 =0.75, and k. a.
=2.9. (I) Return loss without the converter section. (II) Optimized
five-slot converter with constant width slots of varying depth as de-

scribed in [I]. (III) L =5, (IV) L = 10, (V) L =20: converter with L
ring-loaded slots having constant depth.

TABLE II

OPTIMIZED PARAMETERS FOR A TEII TO HE1l MODE CONVERTER
Parameters are expressed in terms of the corrugated output-waveguide

parameters aO, po, do, WO,k. (= 2T\AO), where ~. is the frequency at

which the HE,, mode is in the bafanced condition. L is the total
number of ring-loaded slots.)

~ Value

I AodO {~ exp [1/(2. S kOaOll}
%

bl [0.1 + (L-1) (c$-O.I)/L] PO

Pi (=b L+tl) P.

‘L Wo

—

(curves (III-V)) in which koa, = kOaO = 2.9. Also shown is

the result when the converter is absent (curve (I)), and the

return loss achieved by the mode converter described in [1]

using five conventional slots of varying depth (curve (11)).3

It is seen from the figure that the low-frequency perfor-

mance of this converter can be equaled by a ring-loaded

slot converter provided at least 10 slots are used. Increas-

ing the number of ring-loaded slots gives further improve-

ment in the low-frequency performance. The high-frequency

match of the ring-loaded slot converters is seen to be

clearly superior to that of the converter using varying

depth slots. For this latter case, the return loss

deteriorates seriously when kaO >3.8, presumably owing to

the excitation of the EH12 mode in the converter itself. The

match deteriorates further near kaO = 4.2 owing to the

onset of the EH, ~ slow-wave mode (see Fig. 3). Thus for

return loss exceeding 30 dB, the bandwidth ratio is limited

to 1.4 for this converter.

3Another possible means of mode conversion using conventional slots

of fixed depth and variable width [2], [3] was shown in [1] to be
ineffective.

exceeding 30 dB, the bandwidth ratio is limited to 1.4 for

this converter.

The bandwidth performance of the ring-loaded slot con-

verter with k. aO=2.9, and also for waveguide sizes either

side of this value, is given in Table I. If the high-frequency

performance is considered to be limited by EHIZ mode

propagation in the output waveguide then the overall

bandwidth ratio performance achieved in all cases is 1.5

compared to 1.4 for the varying slot-depth converter. How-

ever, if the presence of the EHIZ mode can be tolerated, the

ring-loaded slot converter is seen to operate to consider-

ably higher frequencies compared to the converter having

varying depth slots. It is interesting to note that in order to

optimize the low-frequency performance and hence the

overall bandwidth it is found necessary to set the frequency

at which the HE ~, mode is balanced in the output wave-

guide close to the lower band edge (see Fig. 3). Conse-

quently, for frequencies near and above the EHIZ mode

cutoff frequency, the HE, ~ mode will no longer be ,close to

balance. The importance of this will depend on the particu-

lar application of the converter.

V. EXPERIMENTAL RESULTS

As a check on the validity of the theoretical an~ysis, a

number of experiments to measure return loss were per-

formed. An effective method of measuring directly the

return loss of a converter terminated in a cylindrical cor-

rugated waveguide has yet to be developed. The problem is

to find a satisfactory arrangement for absorbing the energy

in the corrugated waveguide without the excitation of

spurious modes. Consequently, an indirect method as

adopted in [1] has been used. This is to construct two

identical mode-converter sections (the second one reversed)

and connect them by a short length of corrugated wave-

guide. These three sections are then placed between two

smooth-walled waveguides with the output guide terminated
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(b)

IL ,. ,. .

Frequency (GHz I

(c)

Fig. 5. Cross section of cylindrical waveguide mth three ring-loaded
slots which are: (a) asymmetrical; (b) symmetrical (all dimensions in
milhmeters); (c) return loss of (a) and(b) with thesmooth output-wave-
gmdeterminated ma matched load. —Theoretical; –.– measured;

- measured inherent return loss intheexperlmental setup.

in a well-matched load. The mode converter, consisting of

five ring-loaded slots, for which the theoretical perfor-

mance is given by curve III in Fig. 4, was measured in this

way using 11 slots in the uniform corrugated waveguide

section. For values of kaO up to 3, the theoretical and

measured values of return loss were in good agreement, but

at higher frequencies where the predicted return loss was

well in excess of 30 dB, the measured result was masked by

the inherent return loss of the measurement system.

As an alternative approach to validate the theoretical

predictions, we measured the return loss of a circular

waveguide system consisting of three identical ring-loaded

slots placed between two smooth-walled waveguides with

the output guide terminated in a well-matched load. Mea-

sured and theoretical results are shown in Fig. 5 for both

asymmetrical and symmetrical slots. It is seen that agree-

ment between experiment and theory (taking eight modes

in the input waveguide) is generally very good.

VI. CONCLUSIONS

A detailed parametric study of a TE,, to HE, ~ mode

converter consisting of a number of ring-loaded slots in a

cylindrical waveguide has been investigated theoretically. It

is shown that a minimum of five ring-loaded slots is

required for acceptable mode conversion. With the aid of a

mode chart, the conditions for propagation of the higher

order EH ,Z mode in converters using ring-loaded or vary-

ing-depth slots are discussed. If excitation of the EH 12

mode is to be avoided at higher frequencies, the converter

bandwidth ratio for which the return loss exceeds 30 dB is

restricted with ring-loaded slots to 1.5 and with varying

depth slots to 1.4. However, the usable bandwidth of the

converter with ring-loaded slots is considerably greater

than this in applications where the low-level excitation of

the unwanted EH12 mode is tolerable; furthermore, the

upper-frequency limit increases as the waveguide radius

increases and the low-frequency limit of operation is im-

proved slightly by using more than five ring-loaded slots in

the converter.

APPENDIX

LARGE WAVEGUIDE DIAMETER APPROXIMATION FOR

RING-LOADED SLOT BEHAVIOR

When the waveguide diameter ka becomes large, the

longitudinal surface reactance X, of a corrugated wave-

guide can be determined approximately by considering

each slot as a section of a short-circuited transmission line.

The effect of slot parameters and frequency on X, can then

be easily determined. These calculations also illustrate the

trend of behavior when the waveguide is small.

Consider the input ring-loaded slot in Fig. 2(a). The

wide section of the slot has radial depth h ~ and impedance

Zl proportional to WI, whereas the narrow section has

depth h’= d, – h, and impedance Z’ proportional to b,.

Using the transmission line approximation, the normalized

surface reactance X, is given by

where

8 =bl/pO

~, =kh,
~’ =kh’=k(d, –h,)

k =27r/L

When ka is large, the general equation for the reactance of

a ring-loaded slot given by (8) of [3] reduces to (13) above

if the shunt reactance resulting from the discontinuity in

slot widths is ignored. In addition, for a constant-width

slot where D‘ = O, (13) reduces to the standard approxima-

tion X= = 8 tan ~1 for ka large.
Fig. 6 shows the solution of (13) for both conventional

constant-width slots, and ring-loaded slots. For a converter

using a conventional one-half-wavelength input slot, the

reactance is seen to vary rapidly with frequency and to

remain small only over a very narrow band. On the other

hand, the ring-loaded input slot presents a very low reac-

tance over a very wide band. Compared to a conventional

slot having the same depth, the frequency at which X= - co

is considerably lower for the ring-loaded slot. The frequency

at which X: = O for the ring-loaded slot is a function of the
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Fig. 6. Large waveguide diameter approximation fornormalized surface

reactance of a corrugated waveguide having conventional and ring-

loaded slots plotted as a function of frequency. ~0 is the resonant

frequency of the quarter-wave slots (depth dO) in the output waveguide.

—- Output cormgated waveguide (h=d0,8 =0.75); ----input half-
wavelength slot of conventional converter (h=2d0, 0=0.75); –––
input slot of ring-loaded converter (dl=dO, 8=0.1) for two cases:

h ~=2dl/3 and d, /3 (see Fig. 2).

depth ratio h, /dl of the slot. Using h, = 2d1 /3 gives close

to maximum ‘bandwidth for the ring-loaded” slot, whereas

minimum bandwidth results if h, =dl /3. This trend is in

close agreement with that predicted in references [2] and [3]

for small waveguide diameters using a more exact analysis.
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