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I. THNTRODUCTTION

The purposse of this project was to investigate the feasibility of
obtaining variable delay by the uss of a thin-film, veltage-variable-capac-
itor line. Of particular interest is its suitability for use in repidly
scamming phased-errey receiving antennes.

At the present time there are six basic types of delay devices in com-
mon usage: (&) transmission lines, (b) distributed constant or wirewound
lines, (¢) lumped constent networks, (d) ultrascnic delay lines, (e) semi-
conductor lines, and (£) simulated delay devices. For & more thorough dis-
cussion than presented here see "Basic Types of Delay Lines™ by David L.
Arenberg (1).

A transmission line can be used to achieve & delay which is egqual to
its length divided by the velocity of propagation which is normally close
to the speed of light. These normally are the best delay devices possible
where & fixed delay is necessary. They have the advantages of being rela-
tively cheap, always available, and can be quite losgsless and distortion-

The izsedventeres are gize and weight. To produce different

(6]

a -
SS5S3.

delays, switching of differesnt lengths of cables is normally empleyed. One
such arrangement was developed by Enslein (2) where =2 crossbar switching
circuit is employed. A slotted lime can also bs used to changs the delay
of a cable if the output is taken at the probe. Slotted lines are very
seldom used because the attenuation and cost are both high and only small
Teristiong in dslay itims can be achisvsd,

The distributed constant lines are transmission lines in which the

velocity of propagation is decreassed considerebly from thet of light. This
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can bs dome by using high permeabilify or high permittivity material to
increase the inductance or capacitance. More commonly ¥the inner or outer
conductors or both are coiled to increase the inductance. This also tends

A Ainnracaasn +ha 1§
° cre e The n

serturn capacitance and destroy the high-frequency per-
formance of these lines. The performence of these lines has been increased
by Kallman (3). He placed conducting strips between the inner and outer
conductors but insulated from both. This tends to increase the distributed
capacitance without serious distortion. Lewis and Frazier (4) have improved
these lines by using a skewed helix. The mutual Snd self inductances of
each turn can then be adjusted szepasrately to achieve better equalization.

Lumped constant lines are, as the name implies, constructed of lumped
circuit elements. These normelly have bandpass characteristics which can
be made lowpass, iandpe.ss, or highpass. To achieve a wider bandpass more
sections are generally required so that the line begins to approximate a
distributed linmse.

Ultrasonic delay lines transmit the information in the form of a sound
wave instead of an electromagnetic wave. These have the advantage of long
delay times in a small space, however, they have high insertion loss and
nerrow bandpass. Ultrasonic lines can be further subdivided into solid and
ligquid types. The solid lines are most generally made of glass or quarts.
The fixed lines use multiple reflections inside & glass polygen to increase
the total path length. These are quite sostly since the surfaces must be
optically polished to minimize dispersion. Brouneus and Jenkins (5) have
congstructed a continuously wvariable glass delay line. This makes use of
the fact that glass becomes birefringent when stressed. Here the signel

is transmitted down a long glass bar. It is read out by a beam of polar-
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ized light as the sound wave passes 2 movable slit. A delay time of 2.66
microseconds per centimeter was obtained with an upper liwmit im {requency
of about 30 megacyocles. Variable liquid lines are very similar in design

+0 20lid linas exaept that the mediim iz either water or marcury and the

transducers are submersed in the liquid. In gemeral ultrasonic 1ines musti
use a oarrier because the output is a derivative of the input. The largest
bandwidth achieved is about 25 - 30 megacyocles with a 1000 microsecord
delay.

Magnetostrictive delay lines aré actually a special case of ultrasonic
delay lines where the sonic signal is generated by the magnetostriction of
the line itself. The line consists of a highly magnetostrictive wire
around which are the read-in and read-out coils. A current pulse in one
coil produces a disturbancs in the section of the wire linked by the coil
and this disturbance propagates acoustically along the wire. The acoustic
disturbance generates a small magnetic field which is read out as it passes
the read-out coil. This output signal is & derivative of the input gignal
80 in order to reduce distortion a carrier must be used. The ferromeagnetic
materisls used are quite lossy at b_i.gher frequencies and 8o & bandwidth of
only about 2 to 5 megacycles is obtainable. This device has the advantages
that it is relatively inexpensive and very suitable for multipls output
operation. The disadvantages are the low bandwidth end high insertion loss.

Semiconductor delay lines utilize the drift of ths minority carriers.
The drift welocity is very dependent upon the field and thus a voltage-
variable iine can be constructed. Howsver, calculations by McCue (6) indi-
cate that tne rise time obtained would be rather poor. At room teupoi‘ature

under optimum conditions & delay of 10 microseconds with a 1 microsecond
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rise time may be expecied. At lowsr temperaturss both times weuld be
shorter. The advantages of these lines would include the voliage variable

feature and they should be relatively inexpensive. The chief disadvantages
; and ingartion loss.
Mechanicel delays record the signal on some medium and then read it
out at some later time. The most common of these ia the tape transport
mechanism. Here a continuous loop of tape or drum has the signal recorded
upon it by a recording head and read out scme time later by a reading head.
The delay supplied can vary from & few milliseoonds on up. The freguency
response depends upen the tepe speed and the quality of the heads. A band-
width of about a megacycle can be obtainsed. Higher bandwidths may be cb~
tained by recording different portions of the spectrum on different tracks
with the low frequencies going directly to one trask and the others being
beat down to the low frequencies acoepted by the tape. In reading out, the
reverse is done by beating the appropriate chgnnels with appropriate fre-
quencies. These devices also require an alternating current bias in order
to linearize the response. These devices are gemerally used for low-fre-
quency, long delay-time applications. The adventages consist of long delay
times and faithful reproduction over a limited bandwidth. The disadven-
tages are cost and limited bandwidth. Another mechanical delgy is the
"bucket brigade™. This consists of a bank of capacitors which ars sequen-
tially charged fo the signal voltage and then, some time latsr, ssquentially
discharged into the output. This is & sampling mechanism and for a given
bank of espaclitors the bandwidth i1s inversely proportional to the maximum
delay. Depending on the type of switching circuit used, ths upper fro-

quency limit may be quite high - into hundreds of megacyclez. The main



advantage is thet the delav may be controlled elecirically. The disadvan-
tages are the cost, the sampling, and the size.

For more references on delay lines see Di Toro (7).

The above described delay lines ars uo
phased-array antennas. They have to be dismissed fer cne or mere of three
reasons: high ettenuaticn, high cest, or insufficient dalay. Mechanioal
line stretchers may be used but these do not supply very loag changes in
delsy. Their total cost. which includes the drive motors, is high. Their
response speed i# not suitable for rapidly scanning antenras. For single
frequency operation, such as radar, frequsncy directable amtennas are ussd.
Here fixed delays of the proper magnitude to give the required phase shift
are inserted betwsen the elements of the array. The delays are chossn such
that a change in frequency changes the relative phase of the elements and
thus the direction of radiation or reception. This arrangement is not suit-
able for use in radio telescope antennas where it is desirable to have a
good resolution over & band of frequencies. It is very desirable that the
variable~delay lines to be used in phased-arr@y antennas msintain a con-
stant characteristic impedence which is independent of the delay. Voltage
controlled phase shifters have been built usiig voltage-variable-diode
capacitors and constant inductances (8). This type of arrangemsnf, howsver,
changes its characteristic impsedance uith delay.

By using thin magnetic films as varieble inductancses it iz pessible to
construct e line which maintains a constant characteristie impedance.

This lime is bsst suited for receiviag applicaticns as it ic a small-
gsignal device. The voltage-variable cepacitors are connected directiy

across the line and thus would give undesirable harmonics if a large volt-



age were applied scrozs them. When used' in array entennas this line ia not
intended to produce the total delay necessary in phasing the extremal an-
tenna elements. Most of the delay would be obtained by switching of long
delay cables. This electrically controiled delay line wouid be used as Ghe
vernier once the rough adjustment has been achieved by the fixed long ca-
blss. Two reascns maks it desirable tc uss cables for the rough adjustment.
The electrically variabls line is lossier and also more expensive than reg-
ular csble.

"Once & device of this type is made other possible uses suggest them~-
seives. Among these are phase moduiation, pulse-time modulation, phase

control of kigh-frequency signals, and the determination of the autocorre-

lation or orosscorrelation function of high-frequency signals.



'II. DESCRTRTION

by

d =J1c (2)

L-inductance in henries per meter
C-capacitance in farads per meter
v-velooity of the wave in meters per secoad
and d-delay in seconds per meter
Thus it can be seen that the delay per unit physical length of the line can
be changed by changing eithsr the inductance or capacitance or both. And
the resulting delay is given by equation (2).
It was stated earlier that it is also very desirable toc keep the char-
acteristioc impedance constant. For a lossless line the characteristic im-

pedance is

Z, = ¢ (3)

whers
Zo = characteristic impedance in ohms and other Lerms &as
previously defined

Thus to maintain a constant characteristic impedance the inductamces to oca-
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1ot remazin constent. Tt wonld be very desirable to con-
struct a line where the induéta.nce a::;'d the capacitance are uniformly dis-
tributed. This would call for a strip of magnetic film the length of the
line and also the voltage-varieble capacitor to be of the same lengin. If
this distributed line had negligible loss, it would then satisfy ths above
equations and give a truly variable delay. Howsver, with ths equipment
available, it would be extremely difficult to construct a distributed line.
Thus for simplicity of scomsiruction the line that was congtructed was a
single-wire-sbove-ground tramsmission line. The wire was coated with an
axially magnetized coating of permallioy, this to give the variable inductamnce.

See Fig. 2. To obtain the variable capacitance voltage-variable-cepacity

diodes ere inserted periodically between the wire and groumd.

B. Variable Inductance

A thin permslloy film may be used to change the effective inductance
of a coil. To achieve this the coil is positioned in such a way that its

field acts on the film in the hard direction, i.e., the magnetic field of

the ooil is at right angles tc the rest position of the magnetization
vector of the film, as shown in Fig. 1. When some current flows in the

coil it produces a field which tends to rotate the magnetization vector
away from its rest position. When this is dome some of the fiux from ths
magnetization links turns of the coil. The amount of flux depends on the
amount of rotation and this in turn upon the stiffness of the magnstization
vector. The stiffness cen be chenged by a flgld in the eegy directioen. So
the effective permeability seen in the hard direction depends on the field

in the easy direction. To determine the above relationship consider the



variable inductance

bias c¢oil

q

o

Fig. 1. Definitions of field directions
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toteal emerev of fThe Tilm. 7he total enersv is The sum oi the masmeiocrys-
tallire enisotrepy energy, the snergy due to the applied field, the wall
energy, and the shape-factor energy.

The magnetocrystalline amisctropy emergy, further referred to simply
as enisotropy emergy, is caused by the displacement of the magnetization
vector from & preferred crystal direction. This is a property of the
crystalline siructure alone and does not depend upon the crystal's macro-

shape or eny external fields. The amisotropy emergy is givem by

Ea.n = leclﬁ sinze (4)

where
Egp-anisotropy energy
M -magnetization
& =~angle between M and the preferred direction (due to the
crystalline structure only) of M
B -anisotropy field
The amisotiopy field is not a true field existing in the crystal, it is an

equivelent field which is used to represent the internal crystalline forces:

acting upon the magnetization vector. The epplied field emergy is

Bap = = By'H (5)
where
Eap-energy due to the applied field
" H_ -applied Field
Az the name implies the wall energy is the emergy added to the total emergy

by the formetion of domein walls. Between two oppositely magnetized domasins
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the individuel dinoles slowliv rotate Irom one ultom Lo Uhe neXd golng Irdn
cne domain to the other. The wall emergy is actually the sum of two ener-
gies, the exchenge energy and the anigotropy emergy. The exchange energy
ig due to interatomic forces which tend to align the spims, or magnetic
dipoles, of neighboring atoms. This energy is inversely proportional tec
the wall thickness. The anisotropy emergy is directly proportional te the

wall thickness. Then the actual wall thickness is going to be such that

the sum of the two emergies is & minimum. In The arrangement considsred
here the film is considered to be a single domain and thus wall enwvrgy is
not present.

The shape-factor emergy is associated with the demagnetizing field amd
is dependent upon the shape of the sample. This field (Hﬁ) is highest in
the smallest dimension of the sample and lowest in the largest. In this
case the film is very thin and thus the demagnetizing field perpemdicular
to the plane of the film is very high. This keeps tga magnetization vector
practically in the plane of the film. Sinoe the film is round there is mo
preference in any direction in the plane of the film. So in this case the
shape emergy is constant and therefore will not be considered.

Then the total emergy of interest is the sum of the anisotropy emergy

and the applied field energy

M- stn - B, (6
where

W = the total energy of interest
end other terms as previously defined. Resolving the applied field (Hﬁ)

into its components
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T e h 4@ h
= T S R TR 2a (7)
then
E‘%’=—E°‘—s:‘-.a?‘z9 -h Mcozf="5h ¥ zino (8)
2 a “h A

The magnetization will alweys assume & directien to minimize the totel emer-
gy W for any applied field. To find vhe emergy minimum the derivative of
the emergy with respect to the angle is set equal to zero

B M
Y

. _ o =
W o= 2 sin® cosp +heusm5’ hhl!cos 4] (s)

76

By rearranging terms

hy,
ins = 10
8 B +hg (10)
€08 &
If h.h is small compared to Hk’ then € is small and cos & = 1.
Then
gin e = -—hh——- (11)
B +h
Now
Bh =M 8in 6 (12)
and substituting (11) into (12)
Bp = ¥ B {13}
Hk + h.a
and
A = = {i4)
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whare
By = flux demsity in the hard direction
/ﬂh = effective permesbility in the hard direction
This equation holds for hh small compered to H .. The physical arrengement
shown in Fig. 1 does not give a very large percentage of inductance changs.
Since the films are deposited on a glass substrate end the gless has a much
greater cross-ssctional area than the film the total flux through the glass
is large compared to the film filux. So even though there is & largs éhang*
in the relative permeabiiity of the film this can not be expleited by the
above arrangement.

In order to increase the flux linkage and decrease the stray flux the
arrangement shown in Fig. 2 was used as the variable inductance. A small
copper wire wes coated with & thin permalloy film* with its easy direction
parallel to the length of the wire and the hard direction circumferential
to the wire. The specific wire used waz 5 mils in diameter with a 15 mi-
cron permallocy film. Equation (14) can still be used in calculating the
inductance of the wire. In this case there is no demasgnetizing field pre-
sent because there are no edges to the film. In the previous case the
demagnetizing field was constar® and therefore did not contribute to emy
snges in energy: here the demagnetizing field is again constant (zero)

angas in emergy. The film is also

end also does mot comitribute to any ceh
and so there is no wall emergy just as before. The bilas

field tends to prevent the breaking of the film into multiple domains. The

*The permalloy coated wire was donated by F. N. Long of Bell Telsphone
Laboreatories. :
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Eemdm i dhsnn Amamaiace andantreony. FRELL and fhape would all be in-

-~ -~ -

creased by the breekup of the single domain.

The inductence will be galculaisd for two cases: 1) for low fre-

quencies; 2) for high frequencies near cutoff. For low frequencies the

current may be considersd to be umiformly distributed in the copper wire

since the permalloy has about tem times the resistivity and about omne

fortieth the cross-sectional area of the copper. The total flux linkage con-

sists of three parts: 1) internai, &) permalioy, and 3) external. Ihe

flux

density inside & curremt carrying conductor for a umiform current dis-

tribution is -

L Aeslle)

(15)
277t (rf) |
The differential flux linkage is
gty T r® ar
dA, = r " (16)
27 r -
o
end the internal flux linkage is then
=8 N
7\1=5;1o/«r1- (17)
where
’Ayl ~internael flux linkage of the conductor
i« o-relative permsability of the corducter
/“rl I3
H =votal currsnt

that

r -radius of the wirs
Since all of the current is considered to flow in the copper, the field

is seen by the permalloy is



jod
(9]

I PN
— (GRS
“h S r
o
Then
’Mh I
By = —‘;—7;_——"- (19)
“ i’o
and
AT %
b, = — (20)
27r,
Therefore, the flux linkage due to permalloy is
/fh It
Ap T . (21)
277r,
where
+t+ = thickness of the permalloy
A p T flux linkage due to permalloy
The external flux linkage between two cylindrical conductors is
A =4x107T L 1n 2 (22)
r
° .

where
2h = the spacing between the conductors
For the case of & single wire above a ground plane there will be half the

flux for the same current so the linkage there is

- =7 an
7(2 = 2x10 I/(rzln-?é- (23)
where
A, -

o = eiternal flux linkage

A, = relative permesbility of the dielectric material

=
]

spacing between the ground plane and the center of the wire
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= > 4
Ay, hl +7\p A (24)

= 2x107 T (., 0.256 4. S +40 1un (25)
o 2 (25)

& |8

Substituting in for the permesbilities and dividing through by the current.

the total inductance is

L

-7 ) 1
1p = 21077 (0.25 + *-”;.:) (26)

//G(hk + he)ro

where

L]f = the totel low frequency inductance
The above inductance equation is velid when the frequency is low emough
such that the current may be considered to be umiformly distributed through-
out the wire.

In the high~frequency case the current will be crowded near the sur-
face of the conductor. The case that is considered here is the one where
the frequency is high emough so that all of the eurrent may be considered
to be flowing in the permalleoy coating. At first glance it may appear that
en exceedingly high frequency is requg.red' to meke the depth of pemetration
loss than the 1.5 micron thickmess of th;a permalloy film. This, however,
is not the case because of the extremely high permeability of the permalloy.

2d with the ahovs asgumptions. The tokal

external inductance term. To calculate the internal inductance of the wire
consider the internal impedance of an infinitely long strip ZTfro meters

wide.
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—N= - gs
Zpe = g (27)
- &0
then
R
Rhf = ( I ) = g = _1 f/f (28)
i'nd 27y r 4o
o o
and
1
- A
L = rowr A (29)
Lro T v 3
where
Li = internal inductance

h
]

conductivity of permalley
f = frequency of operation
The extermal inductance is the same as before. Thus the total high-fre-

quency inductence is

1 M 2 A 2h
o — © 0
I‘hf 4771.0 [(Hk + he)(rff,—)] Sy In - (30)

0

C. Capacitance
The total capacitance of the line is the sum of the constant-distrib-

uted ceapacitance and the varisble-diode capacitance. The distributed ca-

pacity is
2 e X
0
Ca = T Tw —— (31)
In|— + (.1,“_) - 1
o 0 J
Where

C., = distributed capacity in farads per meter

d
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¥

(0

- B ?qwmitivify Nt traa anaca

E = @ielectric constant of the dielectric
The capaeit&ﬁce of the voltage-varigble capacitors is plotted as a funection
of bias voltage in Fig. 3. Of the diodes tested most had their capacitence
within 5% of the values shown in Fig. 3, and only one deviated by 15%. 8o v

the curve cen be assumed to be a fairly accurate representation of the ca-

pacitance.
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TTT TRANQMTISTAN MTARACTEFRTITTIAQ

If the variable capacitence as well as the inductance were uniformly
a wonld nect as an ideal transmigsion lina of warisble
length - within physical limitations. However, since due to physical
reasons it is necessary to have lumped capacitors the tramsmission ohar-
acteristics change drastically at high frequencies. The purpose of this
section is to determine the frequemcy dependence of the lumped line. The
first calculation will be the propagetion constant of a loaded line. The
term "loaded line" as used here refers to a transmission line with periodic
capacitances and &oes not refer to the termination of the line.

Consider the periodieally loaded line in Fig. 4. Arbitrarily cut the
line into sections la, and ]1) such thats l'1a+ lb where 1 is the spacing of
the capaciters. Also let the capacitors be conteined in the la's. Now the
line is cemnsidered to be made up of short sections of lines with two dif-
ferent characteristics. Each lb secticn has L henries per meter of induct-
ance and C farads per meter of capacitance. EKach Ala. section has also L
heories of inductance but cl/la, farsds per meter of capacitance. Here Cl is
the capacitance of each capacitor. Actually the capacitance per meter in
each la. section is C + C’l/la but when the limit as laﬁ" 0 is taker C be-

comes negligible compared to (El/la. So for convenience it will be dropped

out now. The time independent wave equation

2 -k2V=O

)

2

R

o~
R
N

~—

has to be satisfied for each section. In section "a" k = ka and section

pt k= k. Then for the whole line
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Definitions of line parameters

Figo 4.
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mast bhe satisfied where
7\(x)=—k2 for -1.<x<0
a a

A (x) =-k§ for 0<x <1

This has the form of Hill's eqﬁation. The solutions in each section sepa-

rately are

V(x) = A exp(kax) +B exp(-kax) for =~ 1a<x<0 (34)

V(x) =C exp(kbi) €D exp(-k,x) for 0<x <1y (35)

Now by Floquet's theorem (see pp. 381-384 of Ince (9))

V(x) = E(x) exp («x) (36)
where E(x) is periodic in x with period 1

Then
vW(x) = V(x - la - l'b) exp;a(la + lb)] | (37)

Now substituting (34) into (37)

V(x)uAexp[/a(l +1b)] exp/k(x-l ~1)_/
+B exp&“(l +lb] exp[k (=~v+1 +l‘/)7 (38)

The furction must be continuous at x = 0 and x :L to meke the voltage con-
tinuous and the first derivative must be continuous to meke the current con-

tinuous. To satisfy the boundary conditions at x =0

A+B=C+D (39)
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v ™. — e L ™ (AN
and at x = ]_b

A explut (1, +1) -k 1&7+B expfu(l, +1 +k 1J
=Cexp/kblh]+Dexp[-kblbj (41)

Aka exp//_a (19. * 1'b) - ka 18.] - Bka. exp//a(l& * lb) * ka la]
- o, emfie, 1,7 - Dy oxpf- 1o 1,/ (2)

The above four equations in A, B, C, and D will have a solution omnly if
their determinent is equal to zero. Setting the determinant equal to zero,

expanding, end reerranging terms gives

caxp/é/a(laL + 1,b2] -2 exp//'a‘((iaf lb_)]{cosh k, 1, cosh k 1

+ 1 [k k 1=
z Ef +I:3 sinhkakasinhkblb}'*- 0 (43)
:3

Combining the expornential terms and rearranging gives

cosh/u(l + lb)/’ cosh k, 1, cosh ky 1 '

1 /Xg ky, . -
+,‘r/§_€ e (44)
Let
2 2 2 2
Then
C Cc
2 1
/J’:,ZzwL—i = -kf and k_ = jw [T (45)
EX 13 -~ = .La
2
AzzwLC:-ktz) and kszW/LC (46)
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(34]

WMrmwt  mwhatd bt 3me (ABY and (ARY inta (44 Toade +na

cosh[/a(l +1 y= cosh j LAJJLClla cosh jw 1l \[ LC
. 1 r ) C'l IC 1
2'\_\/ T \/T“Jsmhgw\/ﬁ a smh;,wlb(—' o (a7)

Now the limit is taken as la—- 0 and lb——>l - la' The first term and the

second part of the second term on the right hand side present no problems.

The term

|G
lim TG simh jw [Lc,1, simh jw L [ic (48)

1?0

becomes undefined. Rewriting and taking the limit gives

14 gin w {IC,1.
1o 1a };,wc/ sinh jw 1 [IC
a

»jwe L ogimm jw 1 JiC 49
1 JC 8 J ( )
and the limit of equation (47) is

3“’01 E sinh(j w/IC 1) (50)

oosh « 1, = cosh (jw Jic lb) 4 —_— e

By letting

]_b =1 (since 1——alb and la~—> 0)

and meking the substitutions and converting to trigonometric form, equation

(50) vecomes
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where / is the propagation constant for the loaded line.. Propagation takes
place when ) is real and attenuation when it is imaginary. This equation,
(51), has a real ) as its solution only for certain ranges of /5 . The
propagation constant 4 is plotted as a function of 4 with f_é. as a
parameter in Fig. 5. The free-line propagation constant ,/ is directly
proportional to frequency. The greph is shown for 05/ < 27, for larger
values the gaps become wider and the line sections more vertical. In the
limit they are straight line segments comnecting the point 4 = n &
=n7 with B=n7, r=(n +1)77 . This means that the pass bands be-
come narrower until they are discrete frequencies such that I A = 1, where
A is the wavelength in an unloaded line. There will be no distortion if
all of the frequency oomporents are in the straight line portion of the

first passband. Thus it can be seen from Fig. § that for wider passband

the loading of the line must be slight.
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Fig. b. Propagation constant for & loaded line
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In order to maintein a constant characteristic impedance the induot-
to capacitance ratio must be kept comstant. This mainteains the lmpsd-

constant when the spacing between the variable capaciters is small

compared to a wavelength. When the capaciter spacimg becomes an appreciable

part

of a wavelength the characteristic impedance is no longer the same as

for low frequencies. In this section the impedance as a function of fre-~

quency (or more specifically as a function of ﬁ ) will be determined. Im

this case an infinitely long line will be considered to consist of sections

each 1 meters long (1 is the spacing of the capacitors) with the capacitors

located in the center of each section. Fig. 6 shows the n th section of

the line. This section sees some impedance, say 2, at its right~hand

terminals. Now if the characteristic impedance of the line without the

capacitors is Z, then the impedance just to the right of tha capacitor,

point "a™ in Fig. 6, looking toward the right is

where

1
ZLcosh)’Ea-Zolinhf

Z, = Z, (52)

Y Tg P

1
z, cosha"ﬁ--f ZL ginh

o}
(]

impedance at point"d' looking toward Zj

N
)
]

impedanse seen by the n th secotion locking toward the

(n #1) st seotion

)
i

charaoteristic impedance of ths line without the capacitances

distance between the capaocitors

/' = propagation constant for the line when all Cl’s are zero (63)
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int "B" locking toward the right is

2, = (54)
“b .
1+ ijl Z
And Z]';. (the impedance looking into the n th section) is
' Zbcoshré.i-zosinh)'l.
Z, =2 2 (55)
1 1
ZOOOSh’VE +stinh3’.2.

Since characteristic impedance is defined as the impedance which appears at
the input terminals when the same impedance is placed across the output ter-

minals, then Z]'_‘ = ZL = Z; = characteristic impedance of the loaded line.

Now substituting Z, for Z; and Z and solving for Z_ leads to

L
wby Z 1/2
, sinh 1 + j —p— (mmhrl-lﬂ (56)
Z =2 56
o o w C
sinh /1 + j “%1Z0 (gosns1 + 1)J

The only restriction on this equation is that C; is lossless. For the case

are
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sin 1 +3 /7 1(cos 7 1 - 1)

(57)
sin/Z 1 +§ﬂ 1(cos 3 1 + 1)
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wherse
C1
L= 1
S aw [IG

For low frequencies ( /£ 0), equation (57) reduces to
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'. =z
Z,. =% - Lo (58)
A2 0 1 +K
-t
Fig. 7 gives the first passband of 290  'as a function of 4 1 with K as a
Zap

parameter. Thers are more passbands for higher values of 4 1. However,
these are narrowser and their impedance characteristics are not smoothk. Only
the first bend is of intersst hers. For low values of K the impedance is
quite oconstant over most of the passband and then goes rapidly to Zero near
the ocutoff. For higher values of K the impedance starts to droop much
faster and also reaches zero much sooner.

From equation (67) it can be obtained that the characteristic imped-

ance will be zero when

A1 1
K 5 tan%— =1 (69)

The solution of this trancedental equation for 4 1 is plotted in Fig. 8 as
a funotion of K. For a given K the line propagates if /31 is less that the

solution of equation (59) and attenuates when it is greater.

»
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For a uniformly distributed lcssless line the delay is simply VIG.
Here, however, the line is neither distributed mor losslsss. So¢ the delay
will have a more complicated expressioen. A second problem alse ariseg--
i.e., in general the output does not have the same shape or amplitude as
the input. Where this is the case it becomes difficult to define any one
thing as the delay. Thers ars thres possible definitions of delay that are
used for different purposes: "delay,” "phase delay," and "group delay".

They are defined as follows:

n ) " =
delay i \ o © (60)
n n e
phase delay" = 74_)—\ (61)
W= Lo
o
“group delay® = a8 (62)
% lwsw
o

where

£ = phase sngle

W = angular wvelocity
"Delay" is the derivative of the phase engle with respect to angular veloc-
ity evainatad at zero angular velocity. If the derivative is the same from
zero sngular velocity to soms & them for signals with no components of
angular velecity higher than W the device acts as a distortiocnless del._e.y
device. "Phase delay" is the quotient of the phase angle and the operating

frequency. It may be-thought of as & given delay only for that one fre-

guency, & differsnt frequency may have a different delay. Therefore, =z
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of device. "Group delay" is the derivative of the phase angle with respect
to the angulér velocity evaluated at W o The same applies to group delay
as to delay with the frequenoy band now centered around w . ihj.s is mainly
of interest in casss where & carrier is‘module".ted to produce scome gide bands
and the effect of the device upon the signal is of interest. If the slope
of the §~w ocurve is constant throughout the bmdﬁdm of the gignal then
no distortion will take place. The main interest here is in “delay®., The
"delay"™ of the line was celculated from the total inductance and capacitanoce
per unit length. The high-frequency inductance frem equation (30) was used
because the experimental delay of a pulse will later be compared to these
curves., The capacitance used was Cy +9§. . The calculated "delay" is shown
as curve #l in Fig. 9. The calculated "phase delay" is in Fig. 9 as ourve

#2. This was calculated from the oquntion
"phase delay" = %—-z- (63)

The two curves are seen te be separate for large delays and to converge \'for
small delays. Some of this is due to scaling (i.e., constant ratio of im-
pedance to resistance) but most of it is caused by the high bias field on

- The Inaresgsaed biss dacresses ithe permesbility and this in

+the n all

the parmalloey

o 3 : 43, P

turn izmergascs the dopih of pemetraticn., Thon the depth of penatratiom g
3+ o

about the thicknmsss of the permalley, or greater, more and more of the cur-

rent starts to flow in the copper. This causes an inorease in the induct-
ance-to-resistance ratio. In other words, when the resistance and induet-

ance approach the low-frequency case the above formule is no lenger valid.
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A test line was constructed with the following parameters:

M = 10000 gauss = 1 teslea
t =15000 &° = 1.5
H,_ = 2.5 oe = 199 a-t/m
r, = 2.5 mils = 63.5_«
1 =2.bocm = 0.025 m

R, = 50 ohms
and the bias coil such that h = 100 oe/amp = 8000 a-t/m/amp. The arrange-
ment is shown in Fig. 10. The permalloy wire was insulated from the ground
plane by 2.5 mil mylar insulatien. Every 2.6 cm a diode capacitor was con-
nected from the wire to ground. The permalloy wire was direct current iso-
lated from the input and the output by 0.0603 «f £ capacitors. The bias
voltage was brought into the permalloy wire and the capacitor diodes through
a 1000 ohm resistor, this is suffisiently high to isolate the r-f. Since
the inductance and the capacitance curves have similar shape the capacitor
bias voltage is obtained from a resistor (Rc) placed in series with. the
bias coil.

A pulse was applied tc the line end the output observed for different
values of bias current. The results are shown in Fig. 1ll. The time scale
ig 10 ns/division and emplitude 10 mv/division. The pulses are left to
right: input, ocutputs for bias current of 300 ma, 50 ma, Z0 ma, and 2 ma.
The least dslayed pulse has the best shaps. As The delay inersasss the
bendwidth decreases and the pulses become more distorted. Since the pulses

are different in shape the projected zero crossing is taken as the atart of
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mental curve is a fairly good match to the theoretical for low values of
biss. A= the bhias inereases the depth of penetration incrsases and ths
inductance increases nver that predicted by the high fregquency equation.
Thus the experimental curve gives larger values of delay, for high values
of bias, than predicted by the high-frequenoy formula.

The characteristic impedance of the line was measured for various
values of bias at 15 moc. The frequency was chosen to be well within the
passband for high values of bias and to be near cutoff for low values. The
magnitude of the experimentally determined impedance is plotted on the same
graph as the theorstical impedance in Fig. 12. The theoretical impedeance
was calculated from the general impedance expression (equation 56). The
experimental curve is parallel to the theoretical ouﬁe for low values of
bias. There is a dip in the experimental curve for medium walues of bias.
The line has & lagging powsr factor for low values of bias, zerc power )
factor at the dip, and a leading power factor for high values of bias.

This would tend to indicate that the dip is caused by rescnance of the end
reactences of the line. This could be minimized by more careful matching
at the terminations. For high values of bias the experimentel curve in-
cereases rapidiy. This is caused by the increase in depthn of peas
beyond the thickness of the permalloy thus invaiidating the inductunocer val-
culations used for the theoretical curve.

The ghorineseg of the line has made it difficult te obtain very good
data, however, the author believes that the results obtained substantiate
the analytical work quite well. The line was constructed to demonstrata

the feasibility rather than to give optimum performance. It was made from
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Thin film~diode ocapacitor variable delay lines cculd be built with a
fairiy wide baadpass aud good aslay
" was not designed for optimum performance but mors from available parts to
verify the calculations. Tha author feels that this was accomplished with-
in experimental error introduced by the shortnese of the line. In the con-
structed line the velocity of propagaticn was sbout 2% that of free space.

A delsy change of over two to cne was achieved. The thin film inevitably
inereases the seriss resistancs of the lins. This leads to attenwvation

and distortion. To minimize this resistance the film should be thin rel-
ative to the depth of penetration of the highest frequency used. -This can
be dons by making the film physically thin or by inereasing the biaszs to
decrease the permeability and thus iuncrease the depth of pemetration. Both
of thesze solutions to the resistance problem also tend to decrease the
possible inductance change and, therefore, the change in delay. So in any
given application a compromise must be rsached between distortion and at-
tenuation on one side and the range of delay omn the other.

The voltage variable capacitances should be szmall compared to the disg-
tributed capacitance to give wide bandwidth but large for maximum change
of delay. So again a compromise is necessary. For most applications a
diode capacity to distributed capacity ratio of not more than 4 or § would
give the best compromise. A better solution to the bandwidth problem would
be to decrease ithe spacimg betwsen the variable capecitorzs. The idsal solu-
tion would be a distributed dicde plated directiy cn the permalley film.
This, however, would not be casy to do.

The distortion caused by the liume is caussd by two scurces. {ne is the
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line. The distortion caused by the periodic loading, as mentiocnsd earlicr,
can be reduced by a close spasing of thé ca.éacitors, In order to reducs
the distortion caused by the series resistance it is possible to introduce
some shunt conductance in parallel with the capacitoers. If the resistence
to conductance ratio is made the sams as the inductance to eapasitance ratio
the line will be distortionless. The series resistance of the line is in-
versely proportional to the square root of the applied field so the shunt
resistance must be proportional to the square root of the applied field.
If a nonlinear resistance with the proper charaoteristics were found it
ocould be placed directly in parallel with the sapacitor diedes. This would
not eliminate the distortion completely because the series resistance is
also frequency dependent and so the best fit would be for omne frequency only.
‘.E_he twe strongest disadvantages to this line are the cost and the at-
tenuation. Howsever, it is felt that its advantages: occnstant character-
istie impedance (over a band), and the rapidly variable delay feature far
outweigh the disadvantages in certain applications. The response speed is
bagically limited by the L-R time constant of the bias coil or the time it

takes to charge up the varisble capacitors whichever is larger. The cupac-

e R . B R ey i I P NN P b I e | + v

SinGe the vias Goll 1s esssntially an air ©oil solsmoid its tims cimstanmt
aam ba comd—ooT1od il —2d. Ti-.2d4 T 3 O
g8l BS COLVIrollied within wids iimits ssv up vy the bias reguirements. One

possible solution to the attenuation problem would bes te incorporate tunnel
diodes direetly into the line. However, this would increase the cost zome-
what.

S8ince no noise measurements were mede it is difficult to determine con-
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Flmdenl s s mnd ki Tidr af thie Tine $fn snnlications  4n vedias hala-
scopes. However, in antennas where rapid positioning is necessary end the
noise not quite 80 critical this line presents an ideal soiution. One
possible use where attenuation is not of extreme importance would be in
high emergy physics where coircidence detection of pulses is used but the
pulses do not occur at the same time. A novel used of this line would be
as & matching element betwesn a fixed impedance feed and a load’with &
rapidly varying impedance. Here the two ends of the wire would be con-
nected to different veltages and the drop in the wire would bias the ca-
pacitors with progressively higher voltages. Thus the characteristic im-

pedance of the line would gradually change snd so reduce reflectioms.
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