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Fig. 5. Phase deviaticn from linear for the 4-WS L-band delay line,

Fig. 6. Photograph showing the identical 4-KS T.-band delay lines
and temperature stabilizing oven.

environment, CW phase measurements were made on the 4-Lts delay

line when enclosed in an oven with temperature stability of O.O1”C.

The test frequency was stabilized to one part in 109 and measured to

the input transducer aperture, at the position of the output trans-

ducer aperture. The null location is frequency dependent; thus the

angle is determined at the center operating frequency. Theory for

propagation along the C axis of sapphire (including the anisotropy)

predicts that 33-dB TTS can be achieved over a 33.2-percent band-

width using this geometrical loss technique. For the 4-.us delay line,

with a bevel angle of 43.2 rein, TTS in excess of 46 dB is achieved

over the 500 iMHz centered at 1.7 GHz, as shown in Fig. 4.

The beveled end face, however, increases the loss of the desired

delay signal and causes a loss slope with frequency. For the 4-MS

delay line with a 43.2-rein angle the additional loss incurred due to

the angle is 6 dB at 1.45 GHz and 13 dB at 1.95 GHz. This loss

slope plus the slight increase in slope due to the propagation loss

dependence on frequeucy is compensated by the diffraction loss due

to the input transducer aperture plLIs tuning to give the flat insertion

loss response shown in Fig. 4. The insertion loss of this unit, which

averages 30 dB, is flat within 0.5 dB over the 500-MHz bandwidth

centered at 1.7 GHz.

better than one part in 107. Phase was measured with a network

analyzer to i 0.6°. For the 4-ps delay line, which has a path length

of approximately 2.4x 106 degrees, it was found that an oven sta-

bility within O.OI°C was necessary to limit the insertion phase drift
,0 to ~ 1°. Fig. 6 is a photograph of two identical 4-.us delay lines with

the characteristics described here, plus a constant temperature oven

used to mount the delay lines to limit the phase drift to less than ~ 5°

with ambient temperature changes of f 5“C.

Thus wide-band microwave acoustic delav lines with excem.
tionally smooth phase and loss responses can be achieved by careful

attention to the design techniques described here. These techniques

were utilized in achieving 4-KS delay lines with insertion loss of

30 +0.5 dB over the 500-MHz band centered at 1.7 GHz, with TTS

greater than 45 dB, and with phase deviation from linearity of less

than *2.5”.

Since the delay medium is nondispersive, the phase characteristic

of a microwave acoustic delay line would be linear except for phase

ripple caused by the acoustoelectric transducers and associated

coupling networks, or, in CW operation, by the presence of a triple-

transit signal. The phase ripple of a passive network is low if the

insertion loss is close to a maximally flat response [9]. For TTS

greater than 45 dB, the phase ripple in CW operation due to the

triple-transit signal is less than 0.5°. Tuning the matching network

for maximally flat response yielded a phase ripple, for the 4-ps delay

line. of less than ~ 2.5° from linearity as shown by the data of Fig. 5.

If it is to be useful in microwave systems, a delay liue must be

packaged with a suitably stable mechanical and thermal environ-

ment. The package must also provide shielding to suppress unwanted

electromagnetic feed through. To determine the necessary thermal
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The Ring-Loaded Corrugated Waveguide

YOSHIHIRO TAKEICHI, TSUTOMU HASHIMOTO,

AND FUM IO TAKEDA

Abstract—The ring-loaded corrugated waveguide is shown to
be very effective for frequency broadbanding of the waveguide and
improvement of the transformer between the corrugated and uncor-

rugated waveguides.

I. INTRODUCTION

The ring-loaded corrugated waveguide is one devised for the im-

provement of characteristics of the conventional corrugated wave-

guide. The corrugated waveguide is applied to the primary horn of a

reflector antenna for satellite-communication earth stations to

achieve higher efficiency and lower noise temperature [1 ], [Z], but

the useful frequency bandwidth cf the conventional corrugated wave-

guide, in which it is effective for the improvement cf antenna prop-

erty, is restricted to about one octave. Besides this, useful frequency

bandwidth becomes narrower if good matching is required between

the corrugated and uncorrugated waveguides. In the ring-loaded

corrugated waveguide, the useful frequency bandwidth is about 1.8

Manuscript received May 3, 1971; revised July 19, 1971.
The authors are with the Mitsubishi Electric Corporation, Kamakura City,
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Fig. 1. Ring.loaded corrugated waveguide.

A

Del

Fig. 2. Admittance chart.

times broader than that in the conventional corrugated waveguide.

Moreover, a very broad-band transformer is obtained by applying

the ring-loaded corrugated waveguide to the matching section.

II. THEORY OF THE RING-LOADED CORRUGATEDWAVEGUIDE

The structure of thering-loaded corrugated waveguide is shown

in Fig. 1, where a istheinner radius of the fins, b is the radius to the

bottom of slots, h is the outer radius of the rings, p is the slot pitch,
dlisthe width of slots, and (dl–ch) isthe thickness of rings. Rings
are added to the fins of the conventional corrugated waveguide. For
EHu wave propagating in the corrugated waveguide, which is useful

for the improvement of antenna property, the useful frequency band-

width is restrict~d to the frequency range in which the slot admit-

tance Fstatr=a is capacitive [3]. Therefore, the frequency broad-

banding of the corrugated~veguide is achieved by expanding the

frequency range in which Ywiscapacitive.

Intheconventional corrugated waveguide, if theloweredgefre-

quency and the upper edge frequency of the useful frequency band-

width aredesignated~L and~~, respectively, then the slot admittance

Yszislocated atpoint Bat~~andat point A at~~on the admittance

chart shown in Fig. 2, and Y~2atfreqUencY .fl(-fL<fl<j~) is located

atapoint onthearc ADB. Inthering-loaded corrugated waveguide,

let Yloand Y,obethe characteristic admittances of thering-unloaded

region andthering-loaded region ofaslot, respectively, then Y1o<Y2o.

(b–fJJ is chosen so that the slot admittance, as seen at r=bl+O

towards the bottom of the slot, is inductive at frequency~z and

capacitive at frequency .f~, respectively, and it is located at point C

atfL and D at.1~ in Fig. 2. Then, according to the relation I’Io<Yzo,

the slot admittance, as seen at r=bl —O towards the bottom of the

slot, rotates clockwise at frequency jLandanticlockwise at frequency

.fH on the admittance chart and is loc&ed at point C’ at fL and D’

at~~. Therefore, the slot admittance Y.s.zat r=a is located at point

C“ at fL and D“ at f~.
By loading fins of the conventional corrugated waveguide with

rinzsto satisfv thesx-eceding condition. the freauencv ran~e in which

-+--
the slot admittance Y,SVis capacitive becomes broader than that in

the conventional corrugated waveguide.

To make the above concept more clear, the field analysis was

performed. In the analysis, the slot pitch p is assumed to be suffi-

ciently small compared to the wavelength, so that the higher order

evanescent waves in the slots may be neglected [1], [4].

Now the frequency range of k >00 is considered, k= 27r/~,

60= 2~/b, ~ and ~, are wavelengths in free space and the ring-loaded
corrugated waveguide, respectively. Then space harmonics may be
neglected. The field components in the ring-loaded corrugated wave-

gnide shown in Fig. 1 are expressed as follows, where discontinuity

capacitance at r= bl is neglected.

Region 1, b, <r <b,

IE, = IEe = ()

IEZ = A (I~mo(k?) COS (itzt$ e–~~OSp

(2)

3Ez = CoZmO(kO~) cos (w@) e–f~oz

3Hz = DOZmO(kOr)sin (w@)e–j~oz

where

k~ = ~kz – &?

Jm’(?+r) Ym(kb) – Jm(,kb) Ym’(,%)
Vm’(k?) =

Jm(kb,) Ym(kb) – Jm(kb) Fm(kb,)

?? 3 =0, +1,+2,...

s=o, *l, t2, . . .

Jm(kr) + F, Ym(kr)
L’m,(kr) =

Jw(kb,) + F, Ym(kb,)

Jm’(kr) + F, Ym’(.b)
t~mo’(kr) =

Jm(kb,) + F, Ym(kb,)

Zfio(kOr) = Jm(kor)/Jm(kOa)

Zm,’(k,?) = J~’(kov)/J~ (koa)

Do= Aa f+I G 1

ka “ kea” d —.— c,
/40 .Zno’(koa)

(3)

. . ..”
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A,, BO, Co, D,, F@

J,,, (X)

Y,n (x)

Jm’(x), Yin’(x)

Mo

co

field amplitude coefficients;

Bessel function of first kind and order w;

Bessel functionof second kind andorderm,

first differentials of Jm(x) and Yin(x) with re-

spect to *;

permeability of free space;

permittivity of free space.

The boundary conditions are given as follows:

where

——
-hfo’’fo’m[&#. lHO],=bldOdZ

[u-l:=,,,,=,
–4

blJodOfo’”[2Ez2 ff#lr=5,dedz

Ys, = —

[~;2Ezdz]:=,,,,.,

_aJdOf 2’[,Ez.,Ho],=&’dz
+
Y, S,=--” 0

[Ld’’+:=.o=o

(4)

(5)

(6)

(7)

(8)

From (l), (2), (3), and (4), characteristic equation is obtained as

follows:

Vq.ka~ ~ 1
1— —

P -Zm’(koa) -H&)2zJkJPO‘o
do L(ka,k b,) Vmo’(kb,) &’ (kbl, ka)

&[
.ka~ co z“8m(kbl,ka) k ‘k.8~(kbl,~7

‘Jz po

1

do $~(ka, kbJ

1

(9)

1 +— –———
d, &(k61, ka)

where

From the above equations, theright-hand side of (9) is easily found
.

to be identical to YsZ, theslot admittance asseenat r=a towards the

sth slot.

In Fig. 3 the variation of the useful frequency bandwidth is shown

for variation of (bI–a) asan example of thenumerical, results. The

solid curves and dashed curves sho;v the variations of the useful

frequency bandwidths in the ring-loaded corrugated waveguide and

the conventional corrugated waveguide, respectively. It is seen from

this figure that the useful frequency bandwidth of the ring-loaded

corrugated waveguide becomes maximum at (bI—a)/(b —a) of about

0.25 and 1.8 timesbroaderthan that of the conventional one.

III. APPLICATION TO THE MATcHINGSEcrIoN

In order to obtain good property in the matching section between

the corrugated and uncorrugated waveguides, it is necessary that the,–
slot admittance Ys2 of the corrugated waveguide is near to the wall

admittance of the uncorrugated waveguide. Therefore, good match-

ingis obtained by making the slotwidth of thecorrugated waveguide

progressively narrow towards the uncorrugated waveguide, but in

7.

6.

5.
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f?IIiG-LOADED

$.e~u,.
FRE UENCY
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P~2 = o

RING- LOADED

o 0.5 1.0
(bq-a)/(b-a)

Fig.3. Useful frequency bandwidthfo r(fn-. a)/(b–a).
bla = 1.583, @/a =0.36, do/a =0.0257, d,/a =0.103.

CORRUGATED

WAVFGUIDE -

(a)

NCORRUGATED

AVEGUIDE

(b)

Fig. 4. Transformers between thecorrugs.ted waveguide
and uncorrugated wsweguide.

+--
this case the frequencyj~ at which the slot admittance Ys2=0 re-

mains constant, so the matching isdifficult at and near frequency~~.

In the ring-loaded corrugated waveguide, frequency .f~,’ at which

YsZ=Ois lower thanfL, asshown in Fig. 3, and the slot admittance

Ys, at fL is larger than that in the conventional corrugated waveguide.

Thus good matching is obtained even at the frequency ~L.

In Fig. 4two types of transformers between tbe corrugated and

uncorrugated waveguides are shown. The transformer in Fig. 4(a)

contains the ring-loaded corrugated waveguide and the transformer

in Fig. 4(b) contains the conventional corrugated waveguide with

the narrow slotwidth. In Fig. 5 the experimental results are shown for

these transformers. It is seen from this figure that the useful fre-
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Fig.5. VSWRfor thetransformers shom,nin Fig. 4(a) and(b).

quency bandwidth of the transformer made of ring-loaded corru-

gated waveguide section is remarkably broader than that of the con-

ventional transformer.

IV. CONCLUSION

The ring-loaded corrugated waveguide is shown to be very effec-

tive for frequency broadbanding of the corrugated waveguide and

improvement of the transformer between the corrugated and uncor-

rugated waveguides.
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Controllable Liquid Artificial Dielectrics

H. T. BUSCHER, R. M. McINTYRE, AND S. MIKUTEIT

Abstract—A novel approach to microwave phase control, utiliz-

ing liquid artificial dielectrics, is described. These media have been

fabricated with permittivities which vary in magnitude and anistropy

according to the strength of an applied electric control field. Con-

tinuously controlled permittivity increases of at least 20 percent in

the electric field direction are realizable in liquid suspensions having

low loss and very high dielectric strength. A simple waveguide liquid

dielectric phase shifter has been built at Ku band and its operating

characteristics measured. This approach can be applied to the design

of electrically variable microwave lenses, power dividers, and

resonant cavities as well as phase shtiters.

Manuscript received May 7, 1971 ;“ revised July 16, 1971.
The authors are with General Dynamics’ Electro Dynamic Division, San Diego,

Calif.

Fig. 1. Phase shifter, showing main control electrode
and impedance matching wedges.

INTRODUCTION

In connection with phased array research, there has been con-

siderable interest in developing low-cost electronically controlled

microwave phase shifters. An economical way to accomplish this is

to find a good dielectric with electrically controllable permittivity

that can be inserted in the signal path and biased to cause the desired

phase delays. This correspondence describes work with suspensions

of metallic particles in high dielectric strength liquids. Such suspen-

sions were found to constitute a class of dielectrics with sufficiently

large microwave Kerr effect to be useful in practical devices. The

physical mechanism of the dielectric’s operation is outlined and per-

formance data are presented for a 360° Ku-band waveguide phase

shifter utilizing the Kerr effect in a liquid suspension [1].

DISCUSSION

The permittivities of the media investigated could be changed by

applying a low-frequency electric biasing field. The physical inter-

action responsible was similar to the one that occurs between light

and pure liquids in the optical Kerr effect. In essence, suspensions

were constructed as models of Kerr liquids scaled to the microwave

region. While the controllable birefringence of a pure Kerr liquid is

due to polarization and ordering of its molecules by an applied elec-

tric field, the artificial dielectrics used for this study achieved vari-

able microwave birefringence as a result of induced polarization and

alignment of their relatively larger solid components. Thus the

asymmetric micron-size suspended solids corresponded to individual

molecules of a pure Kerr liquid.

Early in this work, a brief search was made for simple liquids com-

posed of large molecules which could show a directly useful Kerr

effect at microwave frequencies. Such liquids may exist, but the sus-

pension modeling approach quickly uncovered enough new ground

to fully occupy available research personnel.

In order to simultaneously optimize suspension stability and re-

sponse time, the addition of surfactants was found to be required.

Some of these surface-active chemicals, however, tended to increase

losses. Searching for components that minimized the cost of this

sort of tradeoff produced two practical artificial dielectrics. Both

were electrically similar, but one used fluorocarbon and the other

hydrocarbon components. The data presented here are based on the

more easily reproducible hydrocarbon system, made of benzene

loaded with 8 mg/cm3 of 1-P diameter aluminum platelets and 16

mg/Cm3 of alkyl polyoxyethylene-amine.
All measurements were made using the cell shown in Fig. 1, which

was designed as a Ku-band phase shifter. The electrode shown in

front of the cell was normally supported in the H plane in the center

of the guide, with a fine wire con netting it to an external feedthrough.

When voltage was applied to the lead an electric field was impressed

on the artificial dielectric in the microwave E plane. This caused an

increase in permittivity for the TEIO mode, so propagation time for

that mode increased with applied voltage. Liquid was retained in

the guide by thin Mylar end windows. The Teflon wedges shown

tapered the liquid column and thereby afforded a smooth impedance

transition to the rest of the circuit.

The developmental artificial dielectrics described here under-

went gradual settling if left at rest. To avoid this, they were cir-


