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Fig. 8. Output of limiter showing low-power and
high-power pulses.

CONCLUSIONS

It has been shown that the large signal nonlinear

properties of ferroelectric materials can be used to ob-

tain power limiting. A ferroelectric limiter capable of

handling peak input power levels in excess of 25 kW,

while yielding a saturated output power level of 300

watts with a small signal insertion loss of 0.5 dB has

been built. A theoretical analysis, which accounts for

the observed limiting action, indicates that power levels

of several megawatts can be handled with suitably

mounted ferroelectric pellets that can be conveniently

fabricated. Even greater power handling capability can

be expected if the ferroelectric material is used in a

traveling-wave resonator configuration like that previ-

ously used to design a ferroelectric phase shifter. ~’5

Additional data on the large signal properties of ferro-

electric materials, particularly their temperature de-

pendence, is needed. The limited available material

data indicates that ferroelectric limiters will offer their

greatest advantage in the HF, VHF, and UHF bands.

It should be noted that the structure used for the

high-power ferroelectric limiter can readily be adopted

for use as a high-power switch or an electronically tun-

able filter.

4 Cohn, M., and A. F. Kikenberg, UHF ferroelectric phase shifter
research, Res. IXv. Electronic Communications, Inc., Timonium,
Md., Final Rept on Contract No. AF 19(604)-8379, April 30, 1962.

5 Cohn, M., and A. F. Eikenberg, Ferroelectric phase shifters for
VHF and UHF, IRE Tram. on Microwave Theory and Techniques,
VOI MTT-10, Nov 1962, pp 536–548.

E- and 11-Plane Bends for High~Power Oversized

Rectangular Waveguide
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AbsfTact—A study is presented of theoretical and experimental
results of E- and H-plane bends for high-power oversized rectangu-

lar waveguide having cross-section dimensions in the range between
1..5 and 2.5 free space wavelengths. It is expected that waveguides
having these dimensions will be able to transmit 50 to 100 kW of
average power at X-band without water cooling. The transmission of
at least 5.o MW of peak power at X-band without pressurization is
also a design objective.

Dimensions for bends having low-mode conversion loss were
determined by numerical integration of the coupled transmission

line equations. The dominant TE@ mode and four spurious modes

were considered in these calculations. The results obtained for both

constant curvature and shmsoidally shaped E- and H-plane bends

are presented.

A compact H-plane constant curvature bend is described for

which the ratio of centerline raclks to waveguide width is equal to

1.48. The measured mode conversion loss to the TE@, TE30n, and

TE,,D modes for an experimental model having a width equal to 2.25

inches was less than — 20 dB in the frequency range from 7.0 to

11.0 Gc/s.
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INTRODUCTION

T HE PRACTICAL realization of reliable oversized

waveguide systems for high-power applications

depends on the development of components hav-

ing low-energy conversion to spurious propagating

modes. An important advantage of rectangular wave-

guide in the design of components, such as bends, is the

absence of modes which are degenerate with the desired

TEIOn mode. The bend study outlined here is part of a

general study to develop a whole family of components

compatible with rectangular waveguides of the stated

dimensions.

Dimensions for bends having low-mode conversion

loss were determined by numerical integration of the

coupled transmission line equations. The dominant TEW

mode and four spurious modes were considered in these

calculations. Theoretical results are presented for both

constant curvature and sinusoidally shaped E- and

H-plane bends. Experimental results are presented for

constant curvature H-plane bends.

CONSTANT CURVATURE BENDS

A waveguide bend can be represented by n-coupled
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transmission lines, n being the number of propagating

modes. The normalized coupled mode voltages Ew are

related by the following set of simultaneous differential

equations:

. . . . . . . . . . . . . . . . . .

dEn
~ + kl.El + kzmE, + . . . + knnE. = O (1)

.

In (1), knn is the propagation constant for the mode n,
and km. is the coupling coefficient between the modes

m and n. The distance z is measured along the center-

line of the bend. The coupling coefficients can be de-

rived by an electromagnetic analysis [2], [4], [5].

If it is assumed that the power in all modes, except

modes 1 and 2, is negligible, relatively simple closed-

form solutions can be obtained for (1) for the case of

constant curvature bends. This case has been studied in

detail by Miller [1], who considered a system of two

coupled transmission lines, and showed that the cou-

pling causes the power to transfer cyclically between the

two coupled modes along the coupling region. This

principle can be used to design waveguide bends. Thus,

bend dimensions can be adjusted so that power which is

incident in mode one couples over to some degree to

mode two, and then couples back to mode one. Simi-

larly, bend dimensions can be adjusted to obtain any

number of cycles of power transfer between modes.

If unit power is incident in mode one at the input of a

bend of constant curvature (z= O), the magnitude of the

normalized voltage, for mode two at any point z along

the bend [1] is given by

where

(2)

(3)

It can be seen that the power in mode two has zero or

maximum values at points along the coupling region

corresponding to values of A kl,,z equal to even or odd

mutiples of r/2, respectively. The maximum power that

can be transferred to mode two is given by

P2max= —=

‘z ri,:’’2)2+ 1 ‘4)

Thus, if the two coupled modes are degenerate

(k,, = k,,), P2~.X is equal to unity. On the other hand, if

(k,, –k,,)’ is very much greater than (2kJ2, pz~~~ is

very small.

For an H-plane bend excited by an inciclent T 121.0

mode, the propagation constants and coupling co-

efficients occurring in (1) are given by

(6)

In (5) to (7), a is the waveguide width, b is the wave-

guide height, h is the free space wavelength, and R is the

radius of curvature of the bend centerline. The expres-

sion for k~n given by (5) was derived by a method at-

tributed to Schelkunoff [2], [4], [5], and represents

the coupling coefficient between the TE~on and TE~on

modes, provided m–n is odd. If m–n is even, k~~ is zero.

Thus, coupling occurs directly between an incident

TElon mode and all of the TE.on modes for which n is

even. The even order TE~~n modes in turn couplle di-

rectly to all of the TE~~n modes for which n is odd.

Power in an incident TE,oD mode, therefore, is coupled

directly or indirectly to all of the TEnon mocles.

Theoretical and experimental data for constant curva-

ture 17-plane bends are shown in Fig. 1 for several

values of bend angle and cycles of power transfer. These

curves give the value of the centerline radius, R, which

results in zero power in the TE@ mode at the bend

output with a TE1OD mode incident at the bend input.

The theoretical data were obtained from solutions 01[ the

coupled transmission line equations. The solid curves

represent the first-order closed-form approximation ob-

tained by assuming that only the TE1on and TE@

modes have significant power. In this case, the solutions

for R/a were obtained from (2) by setting A ,klzz equal to

NT, and z equal to 2Ra, where N is the number of

cycles of power transfer along the bend, and 2a is the

total bend angle.

The computer results given in Fig. 1 were obtained by

numerical integration of (1) considering the effects of all

forward propagating modes up to and including the

TR~on mode. These data were obtained by plotting the

calculated values of EZO as a function of R/a (or a/A)

M’ith a/A (or R/a) held constant in order to determine

the values of R/a (or a/A) that would result in a. zero

value of E20. The results are listed in Tab] e 1. Within

the accuracy of these graphic calculations, the vallues of

R/a and a/X resulting in zero values for j~~o were the

same for both the 45° one-cycle bends and the 90° two-

cycle bends. The two computer points for the lower pair

of curves in Fig. 1, which are marked one-cycle 90° or

two-cycle 180°, were calculated only for the case of the

one-cycle 90° bends.

The fact that the curves in Fig. 1 first rise and. then
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fall to zero with increasing values of a/~ indicates that

for a particular value of R/a there are two values of

a/h for which the conditions for zero TEZOD mode power

at the bend output are satisfied. At frequencies cor-

responding to these two values of a/h, the mode con-

version from the TE1OD mode to the TE@ mode would

be exactly zero. Low-mode conversion from the TEIOo

mode to the TE!on mode, therefore, can be obtained

over a broad frequency range by operating near the

maxima of the curves in Fig. 1. However, these curves

do not give any information concerning the level of the

higher order spurious modes such as the TEaon, TE1on,

and TEbOn modes. Calculated voltages for these modes

at the bend output are given in Tables II and III. In-

spection of these data and the data given in Table I

indicates that mode conversion losses of less than one

per cent can be expected over frequency bandwidths

exceeding 5 per cent for a bend having R/a= 6.0, if a/h

is centered about a value equal to 2.2. It appears likely

that low-mode conversion loss over a 5 per cent fre-

quency bandwidth also can be obtained for bends hav-

ing R/a = 6.6 if a/h is centered about a value equal to

2.5.

The calculated values of the mode voltages given in

the tables have cumulative integration errors which

have been estimated to be less than f 0.3 per cent.

Because of these errors, the total mode conversion loss

can be calculated more accurately from the sum of the

squares of the spurious mode voltages than from the

square of the dominant mode voltage.

In a very gradual bend of constant curvature, ap-

preciable energy exists in only the TEIOD and TE20n

modes, and power is transferred periodically between

these two modes along the length of the bend [1]. In

this case, energy in the TEZOn mode is a maximum at the

center in the one-cycle bends, and at the quarter and

three-quarter points in the two-cycle bends. The pres-

ence of the TEZOD mode, however, provides a “tapered”

source for excitation of the TE@ mode. The computer

calculations indicate, however, that the positions of the

TE,on mode maxima and minima along the bend are

not greatly shifted by the presence of appreciable TE~on

mode energy, and that the TEjOn mode maxima and

minima occur near the maxima and minima, respec-

tively, of the TE@ mode. Figs. 2 and 3, and Table IV

show typical computer results for one-cycle and two-

cycle bends. In Fig. 2, bend angles of 45° and 90° cor-

respond to normalized distances of 49.5 and 99, respec-

tively, along the bend. In Fig. 3, bend angles of 45° and

90° correspond to normalized distances of 45 and 90,

respectively, along the bend.

The voltages of the various modes at the point along

a 90° bend at which the power in the TE@ mode has its

maximum value are given in Table IV. The maximum

values of EnO occurring at any point along the bend are

given in parentheses beneath the values of En. occurring

at the points of maximum Ezo. The data for the 45°

bends are essentially the same as for the 90° bends.

The power which is converted to the TE20D mode with-

in the bend results in increased dissipation per unit

length, and reduced peak power handling capability

compared to that of straight waveguide of the same

dimensions carrying the TE@ mode. It can be shown

that the TE@ and the TE@ modes are nearly in phase

at the points of maximum E20 along the bend, with con-

structive interference between the fields of the two

modes occurring for radii greater than R.

Theoretical data are shown in Figs. 4 and 5 for con-

stant curvature E-plane bends. These curves give the

value of the centerline radius, R, which results in zero

power in the TElla, TMlln degenerate mode pair. In

calculating the solid curves in these figures, it was

assumed that only the incident TElon mode and the

TEIID, TMIIH degenerate mode pair have significant

power. The coupling coefficient, kol, between these

modes was substituted for klz in (2), and .4klzz was set

equal to Nn-. An expression for kol can be obtained by

setting n = 1 in the following, more general expressions

for ken, the coupling coefficient between the TEIOD mode

and the TElnn, TM1nn degenerate mode pair.

k.. = ti(k..TE)2 + (konTM)2 (8)

(10)

(11)

The terms k,.TM and kO.TM given by (9) and (10) rep-

resent the coupling coefficients between the TEIOD

mode and the TElnn and TM1.D modes, respectively,

provided n is odd. For even values of n, kOnTE and

kO.TM are each equal to zero. The ratio kO.TE/kO.TM,

which approaches zero for large values of n or a/b, has

exactly the value required to cause the total transverse

electric field parallel to the b dimension in the bend to

be zero for each degenerate mode pair. If (9) and (10)

are substituted into (8), there results

ken=–j
i% OIK!+dEl “2)

where the width a no~v occurs only in ~lo and @l..

The values of R/a for one-cycle 45° or two-cycle 90”

constant curvature E-plane bends are shown plotted

vs. a/A in Fig. 4 for several values of the aspect

ratio, b/a. These data indicate that the value of R/b is
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TABLE 11

COMPUTER CALCULATIONS FOR CONSTANT Crmvxrum 90(’
H-PLANE BENDS

Mode Content at Bend Output*

a/k

—
E,o

——.
—
—
—

0.00339
0.00107
0.00712
0.00136
0.002’77
0.00399
0.00107
0.00716
0.0252
0.04.915

—.—
EmR/a

1 —.—
0.9961 0.0185

0.0670
0.0127
0.0355
0.0962

0.0835
0.0790
0.0508
0.0288
0.0255
0.0218
0.0359
0.0257
0.0229
0.00312
0.0986
0.1271

1.70
1.80
1.90
2.12
2,25
2.28
2.12
2.2.5
2,28
2.50
3.00
3.50
4.00

1.60
1.50
1.50
5.90
5,90
5.90
6.00
6.00
6.00
6.50
7.30
7.20
7.06

..-

..—

..—

..—

..-
..—
..—
---

0.00132
0.00417
0.00608

0.9944
0.9983
0.9987
0.9946

0.126
0.0780
0.0502
0.0796
0.0479
0.0298
0.0320
0.01023 0.0601

* hI ode power is proportional to \Em. 12.

TABLE III

COMPUTER CALCULA~IONS FOR CONSTANT CURVATURE
01 I I 1
1.0 2.0 3.0 4.0

a/A

45” H-PLANE BENDS

Mode Content at Bend Output*

a/A R/a

5.90
5.90
5.90
6.00
6.00
6.00
6.50
7.30
7.20
7.06

E,o

0.9994
0.9976
0.9967
0.9989
0.9986
0.9979
0.9980
0.9901
0.9990
0.9984

Ezo E,, &
——

0.0254 0.00506
0.0414 0.004-72
0.0457 0.004:08
0.0247 0.00525
0.0389 0.00450
0.0429 0.00468
0.0581 0,00640
0.0879 0. 00?69
0.0614 0.0366

—.—

>Em
—.—.

.—

.—

.—

—

0. I[;0856
(). 1[)0645

0. [)0809

Fig. l. Dimensions for”rEIOU mode coustant curvature
H-plane bends.

2.12
2.25
2.28
2.12
2.25
2.28
2.50
3.00
3.50
4.00

0.0152
0.0507
0.0643
0.0369
0.0290
0.0425
0.0250
0.0347
0.00921
0.00495

TABLE I

DIMENSIONS FOR H-PLANE BENDS RWSULTING INEM=O

a~h R/a
——

45° one-cycle or 90° two-cycle bends

5.83
5.90
6.00

0.0209 \ 0.0523

* Llode power is proportional to IE.,. ]2.2.20
2.50
3.00
3.50
4.00

6.60
7.10
7.23
7.04 and the TElln, TMIID spurious mode pair have sig-

nificant power. This assumption is correct for values of

b/AIO which are less than 1.0, For values of b/AIo greater

than 1.0, the TE@, TM@ spurious mclde pair can

propagate in the bend, and these modes are excited by

the TEIlu, TMllu spurious mode pair.

Since the curves for one-cycle 90° or two-cycle 180°

bends in Fig. 5 lies almost entirely in the region ‘below

6/AI0 = 1.0, (2) can be used to predict the values of En,

the normalized mode voltage for the composite TElln,

TR’Illn degenerate spurious mode pair. For the com-

posite mode, the total electric field parallel to the wave-

guide b dimension is equal to zero. Fig. 6 shows calcu-

lated values of 1111as a function of b/Al, for one-cycle 90°

bends. These data were obtained by substituting the

expression for & given by (12) for klz in (2), and setting

z equal to R7r/2. The data indicate that lcnv-modle con-

version loss can be obtained over a substantial band-

width with a compact E-plane bend having i?/b equal to

approximately 2.4, and with b/XIO centered about 0.82.

This value of b/AIU corresponds to approximately twice

the value usually employed for standard single mode

waveguide.

The computer points, (1.5, 11.30), (1.75, 11.50),

(2.0, 10.55), plotted in Fig. 5 were obtained graphical y

90° one-cycle bends

a/k R/u
—

1.66 1.60
1.88 1.50

equal to approximately 11 at the maxima of all the

curves, and that the ratio b/a must be increased as a/X

is decreased.

The data plotted in Fig. 4 can be condensed into a

single curve by plotting R/b as a function of b/Al. where

A,U is the wavelength of the TE@ mode. Thus, all the

curves of Fig. 4 are represented by the single solid curve

for one-cycle 45° and two-cycle 90° bends shown in Fig.

5. Representation of the data with a single curve is

made possible by the fact that the -&plane bend problem

is essentially two-dimensional.’ This can be seen from

(12), which shows that & is a function of b/R and AIO.

As stated in the foregoing, the solid curves in Fig. 4

and 5 were obtained by assuming that only the TE@

1 This was correctly outlined in personal correspondence of A. A. L.
Browne of the Lincoln Laboratory, Massachusetts Institute of
Technology, Lexington, L’Iass.
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Fig. 2. Mode voltages along constant curvature H-plane
bend (R/a= 1.5, a/X= 1.8).
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Fig. 3. Mode voltages along constant curvature H-plane
bend (R/a=6.0, a/k=2.25).

TABLE IV

COMPUTER CALCULATIONS FOR CONSTANT CURVATURE
90° H-PLANE BENDS

Mode Content at Point of lMaximum EzO*

a/L R/a E,o E20 Eao & Em
—. — .

1.70 1.60 0.5559 0.8094 0.1887 — —

(~.;~;6)
1.80 1.50 0.4565 0.8379

(0:312) – –
1.90 1.50 0,3898 0.8322 0.3938 — —

(::;ly)
2.12 5.90 0.8380 0.5422 0.00362 —

(:.::::) (O .00805)
2.25 6.00 0.8027 0.5901 (0.00718) —

(j:g:~) (0.0110)
2..50 6..50 0.7707 0.6306 . 0.00363 —

3.00 7.30 0.6213 0.7722
(pu;) (: Al&)

(::;bg;) (:.:;:;) (p&h
3.50 7.20 0, 4S48 0.8226

(y;~) (0:0955) (:::;):)
4.00 7.06 0.4050 0.7632 0.1489

(0.5901) (0.1941) (0:0357)
, 1 I

* Mode power is proportional to \Emo I‘.

Fig. 4. Dimensions for TE@ mode constant curvature
E-plane bends.
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Fig. 5. Dimensions for TE@ mode constant curvature
B-plane bends.
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T.%BLE VII

COMPUTER CALCULATIONS FOR CONSTANT CURVATURE
90” E-PLANIJ BENDS

Mode Content at Point of Maximum l?jl*-1
R/b EIO

0.7303

0.7572

0.7460

0.7606

0.5998

0.6076

0.6151

0.5039

0.4835

0.5216

b/)m E,,..%

0,16

I

1.50

1.50

1.50

1.50

1.75

1.75

1.75

2.00

2.00

2.00

11.00

11.30

11.50

12.00

10.90

11.10

11.30

11.00

11.50

12.00

0.6808

0.6518

0.6642

0.6479

0.7961

0.7904

0.7846

0.8547

0.8639

0.8449

---

---

0.01’22
(:::.:~)

(0.0134)
0.00481

(0.0132)
0, 01[)863

Kl:(l;ol)

(o.oi20)
0.00827

(0.1971)

0,14 I Ill 1 I
11

I
0121 I Ii II I

010 I I I II 1
,, \

008

0,06

004

002

I !i’ii’\l

12

‘ii!/L
* Mode power is proportional to IE1”12.I
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Fig. 6. Spurious mode voltage at output of 90° constant
curvature E-plane bends.

TABLE V

COMPUTER CALCULATIONS FOR CONSTANT CURVATURE
90” E-PLANE BENDS

Mode Content at Bend Output*

Go

0.9979
0.9991
0.9891
0.9928
0.9967
0.9991
0.9967
0.9878
0.9744

s proportic

b/ko R/b

1.50 11.00
1.50 11.50
1.50 12.00
1.75 10.90
1.75 11.10
1.75 11.30
2.00 11.00
2.00 11.50
2.00 12.00

E13

.

—

0. 0;160
0.00782
0.0124
0.0102
0.00893
0.0129

En E12

NORMALIZED DISTANCE ALONG BEND
0.0668 0.00167
0.0432 0.00727
0.1468 0.0180
0.1204 0.00760
0.0815 0.00347

Fig. 7. Mode voltages along constant curvature llplane bend
(R/b= ~1.3, b/h,o= 1.75).

0.0425 0.00780
0.0719 0.0390
0.1445 0.0585
0.2133 0.0719

from the data given in Tables V and V 1, and were

essentially the same for both 45° one-cycle and 90(’ two-

cycle bends. The data in Tables V and V [, and Fig. 5

* Mode powe indicate that low-mode conversion loss can[ be obtained

for values of b/hi, between 1.5 and 1.85 for 45° and 90°

bends having R/b approximately equal to 11.3.

Table VII gives the mode voltage at the point along a

JATTIRT7 90° E-plane bend at which the Ell composite mode has

lal to Ilhl 2.

TABLE VI

COMPUTER CALCULATIONS FOR CONSTANr CURV .. . . . ..
45° E-PLANIZ BENDS its maximum value. The maximum values of Elm oc-

curring at any point along the bend are given in paren-

theses beneath the values of Elm occurring at the points

of maximum En. The data for 45° bends are essentially

the same as for the 90° bends. Figure 7 shows the mode

voltages along a constant curvature E-plane bend hav-

ing b/~lo=1.7.5,and R/b= 11.3. In Fig. 7, bend angles

of 45° and 90° correspond to normalized distances of

50 and 100, respectively, along the bend. It can be

shown that the TE@ mode and the TEll”, TMd:] com-

posite mode are nearly in phase at the pc)ints of maxi-
* Mode power is proportional to \ G. 12. mum En, with constructive interference occurring

between the fields of the two modes for radii j~reater

than R.

Mode Content at Bend Output*

b/h
—.—

1.50
1.50
1.50
1.75
1.75
1.75
2.00
2.00
2.00

R/b I EIO

11.0 0.9993
11.5 0.9997
12.0 0.9972
10.9 0.9981
11.1 0.9991
11.3 0.9998
11.0 0.9974
11.5 0.9961
12.0 0.9933

0.0331 0.0195 —
0.0208 0.0173 —
0.0731 0.0164
0,0605 0.00285 0.0;28
0.0408 0.00143 0.0120
o,o~13 0.00360 0.00930
0.0304 0.0654 0.00893
0.0657 0.0577 0.01.52
0.1040 0.0498 0.0127
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EXPERIMENTAL RESULTS

NIeasured data obtained at X-band are shown in Fig.

8 for an experimental H-plane constant curvature bend

having R/a equal to 1.48. The ordinate, Pm./PIo repre-

sents the ratio of the power in the TEmon mode at the

bend output to the power in the incident TE@ mode.

The width, a, for this bend was 2.25 inches, and the

height, b, was 0.497 inch. The results, however, apply

for any other value of b. A 10-inch straight taper was

employed to transform from the standard 1.122 by

0.497 inch waveguide to the oversized waveguide.

Mode conversion from the TE,OU mode to each of the

propagating modes in the bend was measured by a

cavity method employing a movable short circuit [3].

The movable short circuit was of the spring finger type

with contact made along the top and bottom walls.

The residual spurious mode level with the 10-inch

straight taper and the movable short circuit was below

– 30 dB over the entire frequency range of the measure-

ments.

As a check on the cavity measurements, the mode

conversion to the TEzon mode also was measured by a

coupler method, and these data are shown as a solid line

in Fig. 8. The coupler consisted of a single round hole

centered on the top wall of an oversized waveguide sec-

tion, and was employed to measure the ratio of the

even-mode currents (TEZOD, TEAoU) to the odd-mode cur-

rents (TE1OD, TE30D) at the bend output with the bend

terminated in a 5-inch tapered absorbing load. Over

most of the frequency range of the measurements, this

ratio was approximately equal to the ratio of the TEzoo

mode current to the TEIO mode current. The residual

even-mode level with the coupler method (l O-inch

taper, coupler, and absorbing load) was below – 30 d B

over the entire frequency range of the measurements,

except near 10.5 Gc/s, which is equal to the cutoff fre-

quency of the TE40n mode. Near this frequency, the

residual even-mode level increased to — 26 dB.

The data in Fig. 8 indicate reasonably good agree-

ment between the two methods at all frequencies except

near 10.5 Gc/s, where apparently a load mismatch

occurred for the TE40D mode with the coupler method. It

was noted that, with the bend in place, the coupler out-

put due to the even-mode currents peaked up near this

frequency at load positions spaced at intervals of one-

half wavelength for the TE40n mode. Being near cutoff,

the TEAon mode excited by the bend apparently was not

well-absorbed by the tapered load. The fact that these

even-mode resonances were observed less strongly when

the bend was removed indicates that the TE40D mode

was only weakly excited in this case.

The data of Fig. 8 show the broad frequency band-

width predicted by the one-cycle curve of Fig. 1. Very-

Iow-mode conversion loss was measured at frequencies

near 7.5 Gc/s and 10.5 Gc/s, and these results provide

the two experimental points for the one-cycle 90° curve

of Fig. 1.

A second experimental H-plane constant curvature

bend was also tested, and the results are shown in Fig.

o I I 1
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Fig. 8. Experimental results for H-plane bend.
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9. In this case, the width, a, and height, b, were equal

to 2.25 and 0.497 inches, respectively, and the value of

R/a was equal to 5.9.5. Measured mode conversion loss

for this bend was low at the two values of a/h indicated

by the experimental points on the three- and two-cycle

curves of Fig. 1. The measured data indicate that the

level of all spurious modes is below – 24 dB over approx-

imately a 5 per cent bandwidth centered about the

experimental point on the two-cycle curve of Fig. 1.

Measurements also were performed to determine the

level of the spurious modes reflected from the bend

input. These measurements were made with the even-

odd mode coupler placed at the bend input, and with the

5-inch tapered absorbing load placed at the bend output.

In the case of the bend having R/a equal to 1.48, the

level of the reflected TE@ mode was below – 40 d13 for

all frequencies up to 9.0 Gc/s, and below — 30 dB up to

10.4 Gc/s which was the highest test frequency. In the

case of the bend having R/a equal to 5.95, the coupler

measurements indicated that the reflected TE20D mode

Fig. 10. Dimensions for sinusoidally shaped bends. a= width of H-

plane bend; b =height of E-plane bend; h= W/m tan r.

TABLE VIII

COMPUTER CALCULATIONS FOR SINUSOIDALLY SHAPED
90° H-PLANE BENDS

Mode Content at Bend Output*

w/a
1 E, O I E,o I EMII E,, I ‘–E,o

a/A=l .75

was below — 30 dB over approximately a 6 per cent

bandwidth centered about the experimental point on
4.40

the two-cycle curve of Fig. 1. This bandwidth probably 7.00

~vas limited by spurious resonances associated with the 8.00
8.88

coupler method.

The reflection coefficient for the dominant TEIOD mode

7.00 0.9985 0.0549 0.000759

1

—

8.00 0.9967 0.0815 0.000737 — —

for the bend having R/a = 1.48 was determined by

measuring the VSWR at the input to the 10-inch taper

feeding the bend and tapered absorbing load. The

measured VSWR was below 1.03 over the frequency

range from 7.0 to 12.5 Gc/s. Measurements of the in-

sertion loss to the TE1on mode also were performed on

the bend having R/a = 1.48. The results were consistent

with the measured mode conversion losses.

BENDS WITH VARIABLE CURVATURE

Bends having a variable radius of curvature also were

investigated. The advantages of this approach have

been demonstrated previously in the design of tapers

for circular waveguides carrying the TEo,O mode [4],

[5]. In this case, the cone angle was varied gradually

along the length of the taper. It was thought that by

gradually varying the radius of curvature in the bend

case, it might be possible to obtain low-mode conver-

sion loss over wider frequency ranges.

A computer program was developed for obtaining

numerical solutions of (1) for the case in which the cou-

pling coefficients vary along the length of the bend.

Figure 10 shows the important dimensions for sinus-

oidally shaped E- or H-plane bends, and Tables VIII

and IX indicate some initial results of computer calcu-

lations for the normalized mode voltages at the bend

output for power incident in the TE@ mode. Inspection

of these data also indicates that reasonably compact

variable curvature H-plane bends can be designed. The

dimensions for the E-plane bends are less compact

because of the smaller differences in the propagation

constants between the desired TEKP mode and the

TEuO, TMlln spurious mode pair.

The data in Table IX for the E-plane bends were cal-

0.9918
0.9914
0.9966
0.9995

a/A=2 .25

0.0536 0.1159
0.1293 0.0169
0.0821 0.00602
0.0297 0.00112

a/k=2 .75

0.00621
0.000230 ~
0.000101 —
0.000173 —

10.0 0.9872 0.1590 0.0128 0.000146 0.0000110
12.0 0.9999 0.0109 0.000742 0.000115 0. 00000 C1356
15.0 0.9983 0.0591 0.00133 0.000115 (). 000005145

* Mode power k proportional to ]Em. 12.

TABLE IX

COMPUTER CALCULATIONS FOR SINUSOUIALLY SHAPED
90° E-PLANE BENDS

Mode Content at Bend Output*

w/b
i

EOB I EoI
I

EM
I

EW

b/A=l.5

20.0
!

0.9999 I 0.0184 I 0.000121 I .
b/h=2.O

20.0 0.9981 0.0624 0.00885 0.000273
40.0 0.9983 0.0621 0.000131 0.0000383
60.0 0.9986 0.0253 0.0000265 0.0000163

* Mode power k proportional to \E.tt 12.

culated for an infinite waveguide width. In this case,

the coupling coefficient, L, between the TEM mode

and the TM~~ mode in the resulting parallel plate wave-

guide is given by the following equation for odd values

of n.

‘on=-’$:[d:+El ’13)

‘=’4 -ET (14)

k-or even values of n, k~o is equal to zero. The coupling
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TABLE X

COMPUTER CALCULATIONS FOR SINUSOIDALLY SHAPED

—
/(% A

——

1.500
1.550
1.600
1.650
1.700
1.750
1.8125
1.875
2.000
2.125
2.250
2..37’5
2..500
2.(525
2.’750

90° H-PLANE BENDS

Mode Content at Bend Outmlt*
w/a=7.05

E,o

—

—

—

—

—

—

—

—

—

Em E,,

0.0&226
0.000123
0.000522
0.000721
0.000784
0.000841
0.000997

●

▼

I ❑

El o

0.9964
0.9960
0.9965
0.9971
0.9978
0.9985
0.9993
0.9998
0.9998
0.9975
0.9918
0.9818
0.9669
0.9469
0.9217

Eeo

—
—
—
—
—
—
—
—
—
—
—
—

0. 00;0300
0.0000551

0.0852
0.0897
0.0847
0.0772
0.0676
0.0563
0.0400
0.0216
0.0218
0.0707
0.1269
0.1884
0.2535
0.3193
0.3855

0.00264
0.00833 0.000148
0.0160 0.000171
0.0245 0.000577
0.0325 0.000797
0.0396 0.000805
0.0447 0.00’283

* Mode power is proportional to ]Em.~2.

2.1 TABLE N
0/,4

COMPUTER CALCULATIONS FOR SINUSOIDALLY SHAPED
90” H-PLANE BENDSFig. 11. Calculated values of output power in TE,@ mode

for 90° sinusoidally shaped H-plane bends. Mode Content at Point of Maximum EzO*
w/a = 7.05

a/A
———

1.500
1.550
1.600
1.650
1.700
1.7.50
1.812.!
1.8’75
2,000
2.125
2.250
2.375
2.500
2.625
2.750

Go EM

0.9425 0.3342
0.9320 0.3618
0.9232 0.3829
0.9127 0.4064
0.9012 0.4303
0.8868 0.4579
0.8717 0.4841
0.8563 0.508.5
0.8232 0.5554
0.7710 0.6210
0.7326 0.6443
0.6778 0.6841
0.6277 0.7138
0.5863 0,7337
0.5564 0.7450

Go
coefficients between the TM~~ mode and the TNI~~

mode in parallel plate waveguide are given by the fol-

lowing equation for odd values of m – n.

2b@
k.n = –j

(MZ– ~2)2T2K

O.=38
0.0347
0.0431
0.0524
0.0635
0.0768
0.0903
0.1183
0.1700
0.2173
0.2656
0.3053
0.3363
0.3592

—
—
—
—
—
—
—
—

0.;10
0.0309
0.0446
0.0575
0.0698
0.0787

—
—
—
—
—
—

—
—
—
—
—

O~0965
0.0120

{(”’2+%2’RS+(”2+%2-%WZ)‘“)
If m– n is even, km. is equal to zero. For a finite wave-

guide width, the free space wavelength, h, should be

replaced with Alo, the wavelength of the TEIOD mode. It

can be seen that in this case (13) becomes identical

to (12).

Calculated voltages for the TEzon mode at the output

of sinusoidally shaped H-plane bends are shown plotted

as a function of aji in Fig. 11. For the case wla = 7.05

(Fig. 10), these data indicate that the TE20D mode volt-

age is below — 30 dB over a 10 per cent bandwidth cen-

tered near a/X = 1.93, and that a maximum for the

TE,on mode voltage occurs at a/X= 1.55. Although not

calculated for lower values of a/A, the TE@ mode volt-

age probably oscillates with decreasing maxima as a/A

is decreased. The positions of the plotted points for

other values of w/a in Fig. 11 indicate that the fre-

quency for zero TEzOn mode voltage increases as w/a is

increased.

The mode voltages at the bend output and at the

point of maximum li?zo are given in Tables X and XI,

respectively. Fig. 12 shows how the mode voltages vary

* Mode power is proportional to [E,no[2.
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Fig. 12. Mode voltages along Sinusoidally shaped 90° H-plane bend
(W/a=7.05, a/k=2.125).
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along the length of a sinusoidally shaped H-plane bend the coupled transmission line equations, providecl all

having w/a = 7.05 and a/h= 2.125. The computer calcu- forward propagating modes are considered.

lations indicate that for reasonably gradual bends the

spurious mode voltages along the sinusoidally shaped ACKNOWLEDGMENTS

bends increase monotonically from the bend input to

the bend center, and then decrease monotonically from
The author is pleased to acknowledge the valuable

the bend center to the bend output. This variation
contributions of C. Younger in the experimental phases

should be compared with the cyclic variation obtained
of this work. He also wishes to express his thanks to

FI. W. Moore for his efforts in programming the com-
~vith the constant curvature bends,

puter calculations, and to G. E. Feiker, E. S. Sampson,

CONCLUSIONS K. Torniyasu, R. D. Wengenroth, and V. Va nnicola for

The theoretical and experimental results indicate that
many helpful discussions.

reasonably compact constant curvature and variable

curvature bends can be designed for rectangular wave-

guides having cross-section dimensions in the range [1]

between 1.5 and 2.5 free space wavelengths. Calcula- [j]

tions indicate that low-mode conversion loss can be

obtained over broad frequency bandwidths with the 131

sinusoidally shaped bends.

The close agreement between the experimental and
p]

computer data indicates that accurate results can be [5]

expected with the calculated coupling coefficients and
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Microwave Delay Techniques Using YIG

F. A. OLSON AND J. R. YAEGER

Absfracf—Recent developments in microwave delay techniques
employing single-crystal yttrium iron game t (YIG) are described. In
particular, the operation of a two-port, electronically variable-delay
device utilizing long-wavelength spin-wave propagation in single-

crystal YIG is presented in detail. Specific advantages of this device

are transmission-type operation, delay continuously variable from
zero to several microseconds by means of magnetic field, and lack of

critical dimensions or surface finishes. This form of delay, as well as
those due to acoustic-wave and spin-wave/acoustic-wave propaga-

tion, have been observed at frequencies from 1 to 10 Gc/s. A com-
parison of the performances of these delay processes is made, with
special attention to insertion loss, bandwidth, frequency limits, and
variable-delay range.

INTRODUCTION

T

HE ABILITY to delay microwave signals and,

in particular, to control the delay electronically,

is important to certain electronic systems. There

has been considerable activity in this field recently,

with the most significant noncryogenic results be-

ing achieved through the use of various delay proc-

Manuscript received September 29, 1964; revised October 30,
1964.

The authors are with the Microwave Electronics Corp., Palo
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esses in single-crystal yttrium iron garnet (Y IG’). A

number of favorable conditions and phenclmena tjuit-

able for microwave delay applications exist in a ferro-

magnetic materiaI such as YIG. The small magnetic

loss in YIG is of particular interest here in that it alllows

reasonably efficient generation and propagation of mag-

netostatic waves and spin waves [1], [2]. This paper is

mainly concerned with the application of long-wave-

length spin waves (magnetostatic waves) to accomplish

continuously variable delay [3]. The operation o~ this

delay unit is compared with two other types of opera-

tion in YIG: fixed delay using low-loss acoustic waves

[4], [5], and variable delay using combinations of

acoustic and spin waves [6]. Special attention is given

to delay range, insertion loss, bandwidth, and frequency

limits of the delay processes.

VARIABLE DELAY UTILIZING MAGNETOSTATIC WA.VES

The propagation of magnetostatic waves in a Iongi-

tudinally magnetized rod of YIG has been used to ac-

complish microwave variable delay. The magnetic

waves result from the transverse microwave magnetic

field applied at the end region of the YIG rod. The mag-


