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3,344,366

ELECTROMAGNETIC WAVE DELAYING AR-

RANGEMENT WITH CONSTANT ITERATIVE

IMPEDANCE

Dinh-Tuan Ngo, Somerset, N.J., assignor to Bell Tele-
phone Laboratories, Incorporated New York, N.Y.,, a
corporation of New York
Filed June 3, 1964, Ser. No. 372,230
1 Claim. (Cl. 333—31)

This invention relates to electromagnetic wave propa-
gating arrangements and, more specifically, to a circuit
combination which delays an input wave for a variable
time interval.

A plurality of electromagnetic wave transmission em-
bodiments, such as coaxial cables, waveguides and strip
lines, are employed in high frequency systems to propa-
gate wave energy. To effect various desired circuit op-
erations in the frequency spectrum of interest, prior art
transmission structures have been loaded with ferromag-
netic and/or dielectric materials to employ the bulk
properties of these substances. In addition, an external
magnetic field has been utilized to bias the ferromagnetic
material of such a structure to a particular value of
permeability.

However, prior transmission embodiments loaded in
the above-described manner are characterized by var-
iable iterative unpedance which gives rise to undesired
wave reflections in the circuit elements associated there-
with.

It is therefore an object of the present invention to pro-
vide an improved electromagnetic wave delaying arrange-
ment.

More specifically, an object of the present invention
is the provision of a wave delaying arrangement which
comprises a constant characteristic impedance for a range
of time delaying intervals.

It is another object of the present invention to provide
a wave delaying embodiment which may be relatively
simply and inexpensively fabricated, and which is highly
reliable.

These and other objects of the present invention are
realized in a specific, illustrative, electronically variable
electromagnetic wave delaying arrangement which is
characterized by a constant iterative impedance for any
selected time delay. The embodiment includes a wave
transmission structure which is loaded with a ferro-
magnetic thin film and a dielectric material characterized
by a permittivity which is a function of an externally-
applied electric field.

The thin film and dielectric material are respectively

biased to desired quiescent values of permeability and

permittivity by current and voltage amplifiers coupled
thereto, The current and voltage amplifiers are adapted
to respond to a common input signal by generating like
percentage changes in the film permeability and the per-
mittivity of the electric field responsive material.

Since the product of the film permeability with the
dielectric permittivity is variable, while their quotient
is constrained to remain constant, the instant arrangement
comprises a constant characteristic impedance for any
selected wave delaying time interval. -

It is thus a feature of the present invention that an
electromagnetic wave delaying arrangement include a
wave transmission embodiment loaded with a ferromag-
netic thin film and a dielectric material characterized by
a permittivity which is a function of an external electric
field, sources for respectively biasing the film and the
dielectric material to quiescent values of permeability
and permittivity, and circuit elements for effecting like
percentage changes in the film permeability and the di-
electric permittivity.
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It is another feature of the present invention that a
wave delaying arrangement include a wave propaga-
tion structure loaded with a ferromagnetic thin film and
an electric field responsive dielectric material, a variable
voltage source coupled to the dielectric, a winding cou-
pled to the thin film and a variable current source con-
nected to the winding, and circuit elements connected
to the current and voltage sources for effecting like per-
centage changes in the permeability and permittivity re-
spectively characterizing the thxn film and the dielectric
material.

A complete understanding of the present invention,
and of the above and other features, advantages and
variations thereof may be gained from a consideration
of the following detailed description of an illustrative
embodiment thereof presented hereinbelow in conjunc-
tion with an accompanying drawing, in which:

FIG. 1 is a schematic diagram of an illustrative electro-
magnetic wave delaying arrangement made in accordance
with the principles of the present invention;

FIG. 1A is a cross-sectional diagram of a wave propa-
gating structure included in FIG. 1;

FIG. 2 illustrates the relationship between the per-
meability of a ferromagnetic thin film included in FIG. 1
and the applied magnetic field; and

FIG. 3 illustrates the relationship between the per-
mittivity of a dielectric material included in FIG. 1 and
the applied electric field.

Referring now to FIG. 1, there is shown a specific, illus-
trative, electronically variable electromagnetic wave de-
laying arrangement which is characterized by a constant
iterative impedance for any selected time delay. The ar-
rangement includes a wave propagating structure 10 com-
prising a center conducting sheei 11 and two grounded
conducting planes 12 on either side of the sheet 11. Be-
tween the center conductor 11 and each of the grounded
planes 12 there is interposed a ferromagnetic thin film
14 and a dielectric material 16 which is characterized
by a permittivity which varies with the applied . electric
field. The particular organization of the propagating struc-
ture 10, which is known as a strip line, is illustrated in
cross-sectional form in FIG. 1A.

Ferromagnetic thin films are well known in the art and
described, for example, in an article by E. M. Bradley
entitled, “Making Reproducible Magnetic-Film Memo-
ries,” published at page 78, et seq., of Electronics Maga-
zine, Sept. 9, 1960. The dielectric material employed in
FIG. 1 may advantageously comprise any ferroelectric
substance which is operated at a temperature above its
Curie point. In this temperature range, such materials are
characterized by a large field-dependent induced polariza-
tion. Specifically, a combination of 73% barium titanate
(BaTiO3) and 27% strontium titanate (SrTiOs), which
form a ceramic composition, may be employed.

An input wave source 20 is included in the FIG. 1 ar-
rangement to supply electromagnetic wave energy to the
input end of strip line 19 via a coaxial cable 21. Simi-
larly, a coaxial cable 26 is employed to connect the out-
put end of the line 10 to an output utilization means 25.
A delaying input signal source 39 is connected to the
input terminal of a three-stage, shunt feedback opera-
tional voltage amplifier 40 which has the output thereof
joined to the junction between the strip line center con-
ductor 11 and the coaxial cable 21. The amplifier 4¢ in-
cludes an input transistor 41 and an output transistor 42
respectively having their collectors connected via load
resistors 47 and 48 to positive potential sources, with the
emitters of these devices being grounded. Finally, an input
resistor 44 is connected between the amplifier input ter-
minal and the base of the transistor 41, and a shunt feed-
back resistor 45 connects the collector of the output tran-
sistor 42 with the base of the input transistor 41. :
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When a voltage vq(z) is supplied to the input terminal
of the amplifier 49 by the delaying input signal source 39,
a voltage v,(¢) is supplied by the collector of the output
transistor 42 to the strip line center conductor 11, where

Ry A
Ru1+4 (1)

wherein R,y and Ry are the resistance values of the ele-
ments 44 and 45, respectively, and A is the loop gain of
the amplifier 48. Since the loop gain A is relatively high
for three cascaded transistor stages, the output voltage
vo(¢) may be closely approximated by

vo () =0a(t)-

wt) =ua1)

(2)
Hence, the over-all gain Gy, of the amplifier 40 is
%(1) R
0= va(t) "R (3)

A winding 35 is coupled to the strip line 19 along its
long dimension, which corresponds to the direction given
by a unit vector 1, illustrated in FIG. 1. The winding 35
is driven by a current amplifier 36 which has the input
terminal thereof connected to the delaying input signal
source 39. The circuit combination 30 comprises a three-
stage, series feedback amplifier including an input tran-
sistor 31 and an output transistor 33. Series current feed-
back is provided by a resistor 32 which is connected to
the emitter terminals of the transistors 31 and 33.

Since the amplifier 30 includes three stages of forward
gain, along with series feedback, this circuit combination
effectively acts as a current source with a high output
impedance. That is, corresponding to the voltage signal
va(?) supplied by the input source 39, the collector of the
transistor 33 will supply a current i (#) to the winding
35 wherein

vd(t) Al
Ry 144’ €]

with Rgo being the resistance value of the element 32, and
where A’ comprises the loop gain of the feedback ampli-
fier 30. Since the loop gain A’ is relatively large for three
iransistor stages, i,(¢) is approximately given by

va(t)
WO=TF (%)

Hence, it is observed from the above that the current
amplifier 30 essentially functions as a voltage-to-current
converter, with a gain Gg given by

i _ 1
“w(t) Ra (6)

In order to completely illustrate the operation and novel
features of the present invention, expressions for the ve-
locity of a wave propagating down the strip line 10, and
the characteristic impedance of the line 10 are required.
As a starting point, Maxwell’s equations for the charge

t(l)=

Gyp=

free region between the strip line center conductor 11 and

each of the conducting planes 12 are given by

oD
VXHA=Zr N
and
— B
v XB=—% )

where H, D and B, respectively, represent the magnetic
field intensity, the displacement density and the electric
field intensity. Employing the well known relationships

%)
(10)

and
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4
then Equations 7 and 8 above may be rewritten
leY?)
VX H= €37 (11)
and
_10H

where p, € and B, respectively, represent the permeability
and permittivity of the medium between the center and
outer conductors 11 and 12, and the magnetic field
density.

When the input source 20 supplies an electromagnetic
wave to the strip line 10, an electric field component E,
and a magnetic field component Hy are respectively in-
duced in the regions between the center conductor 11 and
the grounded planes 12, where the x and y directions are
indicated by the unit vectors 1 and 1, illustrated in
FIGS. 1 and 1A. It is noted that no electric field com-
ponent exists in either the y or z directions, and that
there is no magnetizing field component in either of the
x or z directions. Moreover, the electric and magnetic
fields E, and Hy, are solely functions of time and of the
z coordinate. As is well known, the aforementioned field
components define a wave propagating down the strip
line 10 in the transverse electromagnetic (T.E.M.) mode.

Evaluating the curl in Equation 11 by

11,1,
e) b 0
dx Oy Oz .
H.HH, (13)
and expanding the electric field T in accordance with the
expression

VXH=

B=E1;+E/1,+E,l, (14)

‘then Equation 11 in the system defined above and eval-
uvated in either region between the center conductor 11
and one of the grounded planes 12 yields

_OH, _ (OE. v P
oz 5 bt1+btl+atl> (15)
Equating the two vectors in the x direction results in
OHy __ DE,
0z o (186)

In a corresponding fashion, beginning with Equation 12
and expanding the curl of the electric field E by the deter-
minant method analogous to Equation 13,

OF: _ DH

0z Y] (17)

Taking the derivative of Equation 17 with respect to z
yields

DB, D aHy>
o2 Moa\ ot (18)

Reversing the ordered differentiation on the right side of
Equation 18 results in

028, 1 0%Ex

2 ue e (19)
Equation 19 is the well known wave equation which has
for its solution an electric field E; given by

Ey=f(z—vt) (20)

where f(z—vt) is any function of the argument, where
the electric field Ey is propagating in the z direction with
a velocity v where

(21)
Equation 21 yields the first of two required expressions,
and indicates that the velocity of an impressed wave
traveling down the strip line 10 is inversely proportional
to the square root of the product of the effective per-
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meability and permittivty of the medium between the
center conductor 11 and an associated grounded plane 12.
Note from Equation 21 that the wave velocity v is a bulk
property of the loading materials, and not dependent
upon the geometry of the strip line 10.

The characteristic impedance of the strip line 10 is de-
termined by the ratio of the electric and magnetic field
wave components, i.e., in the instant case the ratio of E,
to Hy. To solve for this product, first take the derivative
of Ey given by Equation 20 with respect to time, such that

QE:_0f(z—ut) b(z—-vv)=_vbf(z—vt) _

_— ’
ot o(s—a) | ot oe—u) ~F
(22)
where
F,=af(z—vt)
o(z—ut) (23)
Now taking a partial derivative of H, with respect to z
yields
OHy o . miy_ ,_\/E,
52 = e(—vF')y=¢oF' = uF (24)
Integrating, Equation 24 results in
L T
Hy‘\[nﬁ de (25)
Recognize now that
of(z—ut) _ .,0(z—wt) _,,
0e e =F (26)

Substituting the results of Equation 26 in order to effect
the integration set forth in Equation 25 yields the result-
ant expression for Hy such that

[

Hence, since the characteristic impedance Z of the strip
line is given by

(28)
substituting Equations 20 and 27 for E, and H,, respec-
tively, in Equation 28 generates the final result

(29)

To recapitulate, it is observed that a wave supplied
to the line 10 by the source 20 travels down the line 10
in the z direction with a velocity dependent upon the
product of the effective permeability and permittivity of
the medium between the center conductor 11 and the
grounded planes 12, while the impedance of the line 10 is
a function of the quotient of the permeability and per-
mittivity. As will become apparent from the discussion
hereinafter, the FIG. 1 arrangement employs the afore-
mentioned relationships to produce a variable time delay,
with no change in the iterative impedance of the line 10.

FIG. 2 illustrates the relationship between the real part
#" and the imaginary, orthogonal part u’* of the composite
permeability x of the thin film 14 and an external mag-
netic field for a particular signal frequency. The imaginary
component of the over-all permeability is a narrow,
peaked curved which is symmetrical about a magnetic
field H,, at which the thin film is ferroresonant. The per-
meability component ' is zero at the resonant field H,,
and characterized by a monotonically decreasing charac-
teristic region (labeled I in FIG. 2) a relatively small dis-
tance to the right of the field H;,. The magnitude of the
permeability g is given by

p=V (W) ()2 (30)
and, since the imaginary component u” is relatively small
at values of magnetic field corresponding to the region I
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6

of the u’ characteristic, in this range to a good approxi-

mation
p=u (31)

FIG. 3 illustrates the relationship between the permit-
tivity of a typical dielectric material, e.g., barium-stron-
tium titanate, and an external electric field. Note that the
characteristic includes a portion IT in which the permit-
tivity is a monotonically decreasing function of the ap-
plied field. It is noted that the permittivity of the dielec-
tric material is much higher than the permittivity of the
film and, correspondingly, the permeability of the film
far exceeds the permeability of the ceramic. Hence, the
effective permittivity and permeability for the composite
medium between the center conductor 11 and the grounded
planes 12 of the strip line 10 essentially corresponds to
dielectric permittivity and film permeability.

With the above circuit organization and material prop-
erties in mind, the operation of the FIG. 1 delaying
arrangement will now be described. In typical circuit
functioning, the strip line 16 advantageously comprises a
characteristic impedance equal in magnitude to the input
impedance of the output utilization means 25 in order to
effect a power match and avoid energy reflections, Hence,
the delaying input signal source 39, the current amplifier
30 and the voltage amplifier 4@ are adapted to generate a
quiescent magnetic field H, and quiescent eleciric field
E,, respectively shown in FIGS. 2 and 3, such that the
corresponding strip line permeability and permittivity
produce the desired iterative impedance, as determined
from Equation 29. The quiescent delay generated by the
FIG. 1 arrangement under this set of circuit conditions is
given by the quotient of the length of the strip line 10 and
the propagation velocity which is determined by inserting
the appropriate initial values of x and ¢ in Equation 21.

When a larger delaying interval is desired, the direct
current input voltage signal supplied by the source 39 is
decreased from its quiescent value. Responsive thereto,
the voltage amplifier 49 supplies a smaller voltage and
thereby also a decreased electric field to the dielectric
material. Similarly, the current amplifier 30 responds to
the decreased delaying input signal from the source 39
by supplying a smaller value of current to the winding 35,
thereby also supplying a decreased magnetic field to the
thin film 14. As noted from FIGS. 2 and 3, both the film
permeability and the dielectric permittivity are increased
when the applied magnetic and electric fields are de-
creased. Examining Equation 21, note that such a change
in permeability and permittivity effectively slows down
the propagation of an input wave through the strip line
10, thereby increasing the wave delaying interval. Hence,
the desired operation is accomplished.

Moreover, the transfer characteristics of the ampli-
fiers 30 and 40, respectively, given by Equations S and 3,
are advantageously adapted to respond to the decreased
input signal from the source 39 by effecting like per-
centage changes in the bulk properties of the thin film
14 and dielectric 16. That is, the ratio of the film perme-
ability to the dielectric permittivity remains constant and
equal to the previous value corresponding to the external
fields E, and H,. Hence by reason of the line impedance
relationship given in Equation 29, the increased time
delay produced by the strip line 10 does not alter the
iterative impedance thereof, and the line remains matched
to the input impedance of the output utilization means
25.

In a similar manner, if a shorter time delay is desired,
the delaying input source 39 is adapted to supply a poten-
tial greater than the quiescent value, thereby causing the
amplifiers 30 and 40 to generate magnetic and electric
fields which exceed H, and E, in magnitude. Referring
to FIGS. 2 and 3, it is seen that under these conditions
the film permeability and the dielectric permittivity are
each decreased. Thus, by again examining Equation 21,
the wave velocity for the instant circuit condition is
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caused to increase, and therefore the signal applied to
the strip line 1¢ by the input source 20 propagates down
the line in the z direction in a shorter time interval than
was heretofore the case. However, as before, the ratio
of permeability to permittivity remains constant, and
hence no undesired reflections are generated by the line
10.

Thus, the FIG. 1 arrangement has been shown to elec-
tronically vary the propagation time of a signal supplied
by the source 20 to the output utilization means 25. In
addition, the line 10 maintained a constant characteristic
impedance independent of the specific delaying intefval.

Summarizing the basic concepts of an illustrative em-
bodiment of the present invention, an electronically vari-
able electromagnetic wave delaying arrangement is char-
acterized by a constant iterative impedance for any
selected time delay. The embodiment includes a wave
transmission structure which is loaded with a ferro-
magnetic thin film and a dielectric material characterized
by a permittivity which is a function of an external elec-
tric field.

The thin film and dielectric material are biased to de-
sired quiescent values of permeability and permittivity
by current and voltage amplifiers respectively coupled
thereto. The current and voltage amplifiers are adapted to
respond to a common input signal by generating like
percentage changes in the film permeability and the per-
mittivity of the field responsive material.

Since the product of the film permeability with the di-
electric permittivity is variable, while their quotient is
constrained to remain constant, the instant arrangement
comprises a constant characteristic impedance for any
selected wave delaying time interval.

It is to be understood that the above-described arrange-
ment is only illustrative of the application of the prin-
ciples of the present invention. Numerous other arrange-
ments may be devised by those skilled in the art with-
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out departing from the spirit and scope of the present in-
vention. For example, the strip line 10 illustrated in the
FIG. 1 embodiment may be replaced by any well known
microwave propagation structure, such as a waveguide
or coaxial cable.

What is claimed is:

In combination, means for propagating electromagnetic
wave energy along a defined path in a reference direction,
means interposed in said path for coupling to wave energy
propagated along said path, said coupling means including
an elongated ferromagnetic thin film element and an elon-
gated dielectric member each having a main longitudinal
axis disposed parallel to said reference direction, said
element and said member being characterized by a com-
posite permeability and a permittivity which respectively
vary with applied magnetic and electric fields, said com-
posite permeability characteristic including real and
imaginary components, means for biasing said member
to a value in a range of electric field values that corres-
pond to a linear segment of the permittivity character-
istic of said member, means for biasing said element in
the vicinity of ferromagnetic resonance to a value in a
range of magnetic field values that correspond to a linear
segment of the real permeability characteristic of said
element, the imaginary component of said permeability
being relatively small in said range of magnetic field
values, and means connected to said biasing means for
varying in a controfled way the electric and magnetic
fields supplied thereby.

References Cited
UNITED STATES PATENTS

2,907,957 9/1959 De Witz

ROY LAKE, Primary Examiner.
D.R. HOSTETTER, 4ssistant Examiner.



