
1963

‘or

+

FERRITE

DIELECTRIC(K=12)

/
\\

DISK

, ‘r

O 45’’DIA O 15”THK

O(SK
O 20’’DIA O 15’’THK

‘1 \

I 4——

I 2 \,._-., .--’.—, — .
I.0

‘:-
93 95 97 99 10I

Frequency ccl%

FLZ. 6—Circulation obtained w]th ferrite
disks and dielectric.

RG521u

O“LEcTR’c(K=’’’-deLFERRETR’T’‘

j’O~-=\~

i:OEzE-zzl
10 102 104 10.6 II

Frqwmy GC[S

Fig 7—Circrdaticm obtained with the triangular
ferrite configuration and dielectric.

ever, where the thickness is greater than 0.10
inch the diameter must rapidly be reduced
to approach 0.20 inch at a distance of 0.15
inch–O. 20 inch from the narrow walls in

order to prevent complex behavior.
Similar resuks were obtained with tri-

angular pieces of ferrite instead of disks.
It’ith triangles, 0.4 inch side, 0.10 inch thick,

a broad-band mode of circulation occurred in
the frequency range 8–10 Gc. Increasing the

thickness to 0.15 inch deteriorated that

Correspondence

I 3

1!
2 4

Fig. 8—Two oppositely polan.ecf folded E-plane
circulators forming a very compact 4-pOrt circu.
Iator,

mode, shifted the frequency range down,

and introduced a mode of oppo>ite circula-
tion at the higher frequencies. But the per-
formance of the original mode ~vas improved

without introducing the higher one by using
smaller triangles on top of the 0.4 inch side,
0.10 iuch thick pieces. Thus, the behavior is
similar to that of the disks, a convergent

tapering of the ferrite towards the center of

the junction being necessary to maintain a

sin~le broadbmld mode of circulation.

Two matching techniques were used to
improve the performance of these devices,
Addiug dielectric on top of the ferrite, and
placing small rectangular ferrite slabs

against the sides of the triangular pieces are
methods which can be used separately or
together. Examples of both these configura-
tions giving bandwidths of about 10 per cent

are shown in Figs. 6 and 7. The addition of

dielectric on top of the ferrite is the prefer-

able method, since this will permit greater

compactness, and a further reduction in vol-

ume may be possible if a reduced-height

waveguide junction is used.
It has been established that a single mode

of circulation does exist over the wa~,eguide
pass band using an E-plane 3-port junction

with thin ferrite disks placed against the
narrow wails. Compact circulators of this
type may offer a realistic alternative to the
stripline 3-port circulator. This is particu.
larly rele~,ant when a “straight-through”

geometry is sought, as would be required in

a dewar application. For this purpose two
folded E-plane 3-port de~-ices with opposite
senses of polarization would form a very
compact 4-port circu later, as shown in

Fig. 8.
Finally, it is interesting to speculate on

the f undameu tal difference between the E-
and H-plane 3-port circu Iators. They depend
respectively on the longitudinal and trans-
verse components of the RF magnetic iield
which have opposite frequency depel]dence.
This would suggest that the ,?+plaue dtn-ice

would have a better performance at the
lower end of the waveguide pass band, and
the H-plane a better pm-formance at the

upper end.
L. E. I>AVIS

S. R. LONGIJZY

Mullard Research Labs.
Redhill, Surrey, England
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Comments on “Pulse Waveform

Degradation Due to Dispersion

in Waveguide”*

Recent worli at The I-fallicrafters Comp-

any coucerued with the analysis of the
transmission of pulsed electromagnetic en-

ergy through dispersive media has caused

the writers to review the above work of
R. S. Elliott,l In this review it was noted

that ( J4) of that work contains an error
(which has been brought to t-he attention of
R. S. Elliott, who agrees that it does exist).
This equatio’n shoul~ read

1 ——. —
‘(t)=~j ‘X2-+1“2’

where

z- = C(AJ – C(A,)

1“ = S(A,) – S(.4,)

with

()C(rt) = fACOS ;yz dy
o

= Cosine Fresnel Integral

()~(.4) = ~Asin ~y~ dy
1)

= Sine Fresnel IntegraI

(1)

(2)

(3)

(4)

(5)

(6)

(7)

(8)

(9)

(lo)

Eq. (1) has also been obtaiued independently

and at about the same time by R. 0, Brooks

of the Raytheon Company.
The abo~,e is for an input puked carrier

turned on at time= — T,/2 and of duration

T. For the same pulsed carrier, but turned

on at time t = O, the result is given by (1)

with X an,i Y given by

Y == C(A,’) – C(A2’) (11)

1- = .s(.4;) – S(A1’), (12)

where

(14)

~Tumerical computations of (1) using

(11) and (12) for the cases of a=O, 0.032,

0.10, 0.32, 0.50, and 1.00 are shown in Fig.
1, and reveal that these sh apes are practically

identical to those of Elliott except for the
large values of a. The computations were
performed using the F1-ewrel 1ntegr-al Tables

of I’earey,z and are tabulated in Table 1.

* Received May 6, 1963.
L R. S Elhott, “Pulse vaveform degradation due

to dispersion m waveguides, ” IRE TRANS. ON MICRO-

WAVE TLLEORY AND TECHNIQUE, vol. MTT-5, PP.
25%–257; October, 1957,

z T. Pearcy, “Table of the Fresnel Integra\, ” Cam-
br#e at the I University Press, Cambridge, Bngkmd,
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Fig. l—Degraded waveforms

TABLE I

dX2 + p

TABULATION OF ——2—

0.0
0.1
0.2
0.3
0.4
0.5
0,6
0.7

:.:
1.0
1.1
1.2
1.3
1.4
15
1.6
1.7
1.8
1.9
2.0
2.1
2.2
2.4
2.4
2.5
2,6
2.7
2.s
29
3.0

—.

U= O. 032

0.495
1.022
0.973
0.984
1.000
1.016
1.000
0.984
0.973
1.022
0.49.5
0.045
0 026
0.012
0 014
0.010

I

Additional Points

7

t’/T a=o 50
——..— — —.——

0.25 1.095
0.35 1.135
0.45 1 .03.5
0 .55 1.03.5
0,65 1.135
0. 7.5 1 095
1.05 0.37.5
1.15 0.360
1.25 0.206

U= O,1O
0.495
1.0’20
1.024
0.981
0.992
0.946
0.992
0.981
1 024
1.020
0 43.5
0.149
0 065
0.040
0 043
0.03.5
0.018
[) 017
0 025
0 019
0 007

u= O.32

0.523
0.791
1.080
1.044
0.967
1 098
0.967
1.044
1.080
0.741
0.523
0.3.s0
0.209
0.111
(1 107
0.118
0 089
0 042
0.050
0.072
0.060

“=() 5(I

0.538
0 6?2
0.8S7
1 180
1.051
1 045
1.051
1 180
0.887
0.672
0.538
0 326
0 318
0.170
0 208
0 105
0 152
0.075
0 119
0 061
0.097
0 052
0 091

0.064
0 103
0.139
0.15.5
0 148
0.122
0 081
0 038
0.034
0 067

The shapes are symmetrical with respect to
tf/T=0.50.

Howe~-er, examination of these shapes
reveals that an output exists for all values of
time. This observation, an output occurring
prior to an input, is disquieting since it ~io-
lates the law of causality.

The reason for this is that the use of the

appro~imation of (7) of Elliott’s paper for
the phase constant /3(r.0) gives rise to an

effective transfer function, II(Q), of the

waveguide approximated by

I{(Q) = exp { –j[(30 + ~(LO — WO)

– B(Q – W) ’] L}. (15)

This transfer function is not physically
realizable. This can be seen very readily by

determining the output response due to an
input impulse (delta) function of a hypothet-
ical black box characterized by this transfer

function.
This response, designated by k (t), is

given by the Fourier transform of the trans-

fer function3

.

k(t) = ; J_ H(w)e’”%. (16)
.

Insertion of (15) into ( 16), reduction into
trigonometric functions, and use of
Dwight’s’ integrals 858.564 and 858.565

gives

Inspection of (17) shows that an output

exists prior to an input, which is ph~-sically

impossible. Hence the transfer function

H(o) giten by ( 15) is physically nonreal-
izable. tJse of Bode’s5 physical realizable
criteria to the approximate transfer func-
tion of (15) also shows it to be physically
nonrealizable.

It is interesting to note that the convolu-

tion integrala can be used to determine the
output ~(t) via integration in the time

domain, i.e.,

.

f (f) = f e(t – T)/, (T)dT, (18)
—.

where e(t —r) = input to waveguide at time

t – r, lr(~) = response of waveguide to impulse
function [given by ( 16)]. Eq. ( 18) gives the

same result for F(f) as given by ( 1) with-
out the necessity of using the Foster and
Campbello pair 731.1.

Since (1) violates the law of causality its
adequacy to describe the actual output of a
wavegoide must be used with this violation
in mind. This situation is somewhat similar

to the case of the idealized low-pass filterT

which predicts an output prior to an input.
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The accuracy with which (1) describes the

actual output can be determined by com-

pming it with the solution obtained by using

the exact transfer function of the wa~-e-

guide. lt is believed that this solution has not
as yet been obtained in a closed form. How-

ever, some work for the case of a step func-

tion carrier utilizing numerical integration

of the exact transfer function of the wave-
guide has been performed for a few specific
cases.8

It is interesting to compare the wave-
forms predicted from this work with those

utilizing the approximate transfer function
given by (15). For a step function input of

e(i) = EOsinmtl(t), (19)

where l(t) is thestep function defined by

{

1 t>o
l(t)= o

t<o,
(20)

the output of a wat,eguide characterized by
the approximate transfer function of (15),
via (18) or following Elliott, is

~(t) =$’exp{~[cOOt -pOL]}erfc ZO, (21)

where it is understood that the imaginary
part of (21) istobetiaken for~(t), and with

~.= _(t– AL)(1 +.0

24m ‘
(22)

where

2“
erfc ZO = =

f~lr Z,
e–zadz. (23)

Integration of (23) gives for the uutput en-
\-elope F(t)

. ~11+ 2 [C’(A’)+S2(.4{) +C(.41’) +S(.43]. (24)

where Al’ is given by (13) and C(A) and
S(.4 ) by (-l) and (5), respectively.

Plots of F(t)via (24) (which is essentially
based on Elliott’s work), and of F(t) (based
on the ~vork and Figs. 3 and 4 of Cohn8) are
shown in Fig. 2. These plots are for the two
cases

Wo
— = 1.10, :;= 0.875
oJc “

and

where A,O = vacuum wavelength of excita-
tion = ~/~0, ~0 =aO/27r, c = speed of light.

The work of Cohn indicates that the out-
put pulse starts at the tilme L/c, not L/v.,
where

‘o= groupve’oci’y= += (:l.=O)-’

_’[(:)’-r
()Cdn

.

@c

8CT. I. Cohn. ‘[Electromagnetic transients in
l’v-aveguldes, “ P; ac. .YEC, Chlcaeo, Ill., September
29–October 1, 1952, vol. 8, PD. 284–295.

,,0

. .

i

.,

.=. ~ ~. .

(a)

- –steady state envelope
——- F(t) =(1 /2) J 1+2 (CZA I’+.SZA,’ +CA ,’ +SA L’)

(via approximate tmnsfer function)
— F(t) ma exact tmnsler function and numerical

integration (Reference 8 Fig. 3)

(b)

—— – steady state envelope

———– F(t) =(1/2) J 1+2( C~A,’+S~AI’+CAI’ +$’A,’)
(via approximate transfer function)

---- – F(t)via exact transfer function and numerical
integration (Reference 8 Fig. 4)

FM 2 —Output waveform of a waveguide due to
a step function carrier input.

For the case of Fig. 2, c/vfl = 2.40. This is in
accordance with the meaning of wave front
velocity. g The plots of Fig. 2 indicate that
the waveform en~-elope predicted using the

aPProxlrnatc transfer function of the wave.
guide given by (15) approximates that ob-
tained via numerical integration, using the

exact transfer function of the waveguide

quite well for the time range indicated. The

envelope for t <O via the approximate trans-

fer function is not shown but is nonzero. The

close agreement for this step function input
for the specific cases of CJO/OC and L/it.o in-
dicate that the use of the approximate
transfer functions gives a good approxima-
tion for the output waveform for the time
ranges available for comparison. Generaliz-
ing from this comparison, one would expect
the same approximation to be as good for

the pulsed carrier input and hence that for
t >L/c that the envelope shapes of Fig. 1 are

good approximations to the output pulse
shapes of a waveguide. It would be in order,

however, to confirm this generalization by
obtaining an exact closed form solution for

the pulsed case.
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Temperature Stabilization of

Gyromagnetic Couplers*

A gyromagnetic coupler using a single-
crystal YI G sphere as a coupling element

suffers from two significant sources of tem-
perature instability. One of these is aniso-

tropy drift,l a characteristic that is internal

to the coupling element, since it stems di-
rectly from temperature iuduced variations
in crystalline anisotropy.z The other is ap-
propriately characterized as external; it de-

ri~,es from temperature irduced variations
in the magnetic biasing source. Either or

both of these variations will result in a

change in the resonant frequeucy of a gyro-

magnetic coupler. The 3-db bandwidth of a

low loss YIG coupler may be of the order of

40 Mc, hence a change in resonant frequency
of as little as 5 hIc will be detected as an in-

crease in insertion loss at the original fre-

quency, It is therefore quite desirable that
the variations which contribute to this im
stability be reduced to a minimum. Means
have been developed for e] iminating both of
these instabilities, thus rendering the gyro-
magnetic coupler a much more practical
device under a variety of environmental

conditions.
For power limiting applications at rela-

tively high power Ie\’els, such as those previ-

ously reported by the authors at C-band
frequencies,s.~ a problem arises through high

power heating of the YIG crystal. Under

some conditions the resultant anisotropy
drift can have an appreciable effect on the

operation of the device. The authors ob-
served this effect in a test arrangement in
which a high power pulse of variable ampli-
tude is closely followed by a low power pulse
( = ~ mw) of constant amplitude. With the
YIG crystal (23 roils in diameter) randomly

oriented and a constant dc magnetic field

applied, a drift in the frequency of optimum
transmission for the low power signal of
more than 40 MC has been observed when

the high power signal is raised from O to
1OOO-W peak, 1-w average.

Crystalline orientation is the direct solu-
tion to the problem of anisotropy drift.
With the biasil]g field restricted to a 110
plane, profitable use can be made of the

equation5

11.H’ = (II, + A Ha:I (IIo + i3HJ

where second-order anisotropy effects are
neglected and spherical geometry is as-

sumed.

* Rcceivecl October 3, 1962; revised manuscript
received May 16, 1963, This work was supported m
pal-t by the Blmeau of Naval \Teapons, and in part
by the Microwave Tubes Branch, U. S. k-my S@mal
Research and Development labs. under Contract
D.k-36-039-SC-85330,

I The problem of anisotrom drift in btluum ferrite
single crystals m gyromaguetlc cmlplers was cl]scusse<i
by S. Okwlt at the 1962 PGiV TT National Sympo.
slum.
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