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ABSTRACT

The subject of this thesis is the design, fabrication and com-
parative testing of two protopype L-band ferrite digital latching phase
shifters. One phaser is a variation of a design published by G.T. Roome
and H.A. Hair, "Thin Ferrite Devices for Microwave Integrated Circuits'",
IEEE Trans. Microwave Theory Tech, vol. MTT-16 pp. 411-420, July 1968."
- The second design is original and is experimentally and theoretical com-
pared to the first phaser. A comparative study was made because of
technological difficulties in making these devicés. Insertion losses of
2dB and an order of magnitude less than possible phase shift occured
because of inadequate production facilities. Thus, the comparative study
gave a common mode error to the published device and the new device.

Also, the theory of ferrite microwave phasers and a discussion
of a particular system application which prompted this study are included

in this thesis.
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Chapter I
Introduction

1.1 Scope of Thesis:

The particular subject of this thesis is the design of a digital
latching ferrite phase shifter in stripline configuration. The impetus
for this investigation was provided by the Communications Research Centre
in Ottawa. CRC is considering a linear phased array airborne communications
system for the Atlantic commercial aircraft air traffic control systen
known as AEROSAT. The band of frequencies proposcd for aircraft to satellite
radio links will be in the 1.5 to 1.7 GHz band. These relatively long
microwave lengths plus the size limitations set by CRC necessitated the
usc of a stripline configuration as will be demonstratcd. (Reference [6])
Since this phase shifter may be incorporated into a linear phased
array system, a brief discussion of the system requirements will be presented
in the remainder of the first chapter. The general thcory of how ferrite
materials are used to produce a phase shift is presented in Chaﬁtcr 11.
The actual design, testing and fabrication of prototype L-band phase

shifters will make up the rest of the thesis.

1.2 Lincar Phased Arrays:

The overall air traffic control system (ATCS) is shown diagram-
atically in Figure 1.1. The two satellites will be placed in synchronous
orbits over the equatorial Atlantic region. Since the majority of commercial

air traffic is north of the equator, the communications line of sight



befween aircraft and satellite will significantly deviate from a vertical
path. Also; since aircraft will fly from east to west as well as west

to east, it is desireable to have a fan beam radiation system mounted on
top of the aircraft. The fan beam allows one dimensional directivity
from a single linecar array for all aircraft orientations. The radiated
cnergy is to be a right hand circularly polarized wave. The radiation
pattern of the fan beam is to have 06dB ellipticity from 10° above horizon
to 10° above horizon.

Assuming for the moment that quasi-isotopic radlators are available
and refering to Figure 1.2, there are (n+l) isotropic radiating sources
in a line. Adjacent elements are separated by a distancc d and cach
sucessive element is fed oﬁt of phase by a phase factor o. The currents
of the elements are related as ]Ii|=ll(n—i)‘ such that_therc is symmetry

about the centrc of the array. The radiated wave from cach source is:

| - (BT, +0)

Ly=Ae /rl

] -j (Bryta)

hz =B e /r2

| -j (Brg+2a)

E;=Ce /r3

cesenes -5 (BT + (n-1))

En = b e ) /rn

-j(Br_ ,+na)

ljn+1 =Ae " /rn+l

where § = w/ie is the propagation constant

o is the progressive phase shift
r, is the distance from each element to the point of observation in the

far field
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A,B ctc. are constant coefficients related to the I field due eacli element,

Assume for the prescent an odd number of eclements. The far field of the
-jbr -j (Br,+a) -j(Br , ,+na)
. 1 . 2 : n+l
array will be I = Ac , Be , Ac

Tl T

-
2 n+l
For phasc considerations

Ty S Th/241° X; cos 8 ' Refer to

Figure 1.3
and for, amplitude considerations

xu

Yi"Th/2 +1

Putting rn/2+1= T, gives:

ﬂ-j(Bro+n/2a)

~oe

L- -1) (Bdcost-a)

N } . Temch_oy. (R
(A -Jj7 (Bdcosd a)+B 3(2 1) (Bdcos® a)+B J(2
T, c e e

SN
+ . . . #A J(z)(ﬁdcosg-a)
¢

-3 (Br_+50)
voe

. LA cos(%&(ﬁdcose-a)+B cos(%—-l)(ﬁdcoso-a)ﬂi‘l cos (Bdcosf-u)

.O /2

* L2 a1

Grouping the constants gives

E=Eo+El cos (Bdcosf-a)+...+E cos(%——l)(Sdcose—u)+EE_+1cos(20(6dcose-a)
B) £

[\S]

This is easily recognized as a truncated Fourier series. ln the case of
an even number of elements a similar derivation gives a similar result.
If the magnitudes of all the coefficients of the terms are equal, then
the radiation pattern of the ¢-z plane is the familiar sinc function.
The side lobes may be reduced at the expense of main beam broadening by

choosing a binomial, Chebyshev or elliptic relationship between the



Figure 1.2 Linear array of n+l isotropic sources

Figure 1.3 Geometry of linear phased array of n+1=3 isotropic radiéting sources.



antenna currents. These polynomial relationships give spatial antenna
patterns that when transformed from polar to rectangular coordinates afe
the familiar binomial, Chebyshev and elliptic plots. A more extensive
treatment of this subject is found in many texts on EM Theory such as
Reference [1].

1.3 Antenna Llements:

The above array wmathematics used the concept of an isotropic
radiating element. For the AEROSAT system, a uniform radiation pattern
for 0 < © $1800 is required, thus it is necessary that each eclement produce
such a pattern within 3dB ellipticity bounds (because of RICP wave, two |
elements are required to produce a unit array element, thus, the error
criterion will be 3 dB for x axis element plus 3 dB for y axis elcment
giving 6 dB elipticity which is CRC's specification).

An array of isotropic sources produccs a conical pattern about
the axis of the array. By placing the array elements above a ground plane,
the radiated energy is restricted to the hemispherc above the ground plane.
The resulting pattern may be obtained by replacing the ground plane by
image sourcesSymmetricallyabout the ground plane as described in Refercuce
L1]. If the driving point of the radiating elements is above the ground
plane, then the cffect of the ground plane is to produce a two dimensional
array. This adds to the complexity of adjusting thc phase between elcments
when switching the beam angle. Since the array is to be mounted on the
upper part of the aircraft fusclage; it is not possiblc to eliminate the

ground plane, thus it is desirable to place the driving point of the antenna



clement at the ground plane.

To produce the broad beam width, CRC has suggested crossed drooping
dipoles fed 90° out of phase be used for each array element. By drooping
the dipole, the polar pattcrn of the dipole will be distorted.so as to
produce the desired broad beam. By crossing two of these drooping dipoles
and féeding them 90° out of phase the RHCP wave may be produced. While
this system is feasible, it is possible to improve thie design by using
a bent monopole at two array points instead of crossed dipoles at a
single point.

By using a monopole, the driving point is at the ground planc thus
the array remains linear with the ground plane in‘place as pointed out
bLefore. Also by using a monopole, it is not necessary to balance the
currents in each half of a dipole. Since the driving circuitry is in
strip line configuration, it would be necessary to employ a balun between
the phase shifting networks and the radiating dipoles elements if the
currents are to be balanced.

By using image theory, it is easy to see¢ that a bent monopole
over a gréundplane appears in the far field as a vertically oriented
ldrooping dipole. This is illustrated in Figure 1.4. Also assuming the
monopole is approximately a quarter wave length long, the helght of the
radiating element profile will be approximately one eighth of a wavelength.
This is a space saving feature which is of concern with CRC specifications
of a maximum of 0.6 A height for thc array.(Reference[6])

The last point of consideration of antenna elements is that of

. e C .
separating the two 90 phasc separated radiating elcements that produce the
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Figure 1.4a Equivalent image of drooping dipole over ground plane,
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Figure 1.4b Equivalent image of bent monopole over ground plane.



RICP wave. If the two elements are separated with the appropriate
phasing, a RIICP wave may be produced. The advantages of deing this is
that a single semi isotropic source (crossed drooping dipoles for instance)
now becomes a two eclement array. This in effect cuts the required number of
clements to produce a given directivity in half. Tne rcal advantage found
in this concept is that the radiating elements may now be intcgrated in
HIC form along with paasing components in a single planar modulc for cach
array eclement position. This offers an obvious cost advantage in any
production run.

The splitting of the crossed clements into two array positions is
vshdwn in Figure 1.5. The portions of each clement that are active in

producing RHCP are also tabulated in Figure 1.5

1.4 Dhase Shifters:

To pfoduCe the varying discrete steps in phase shift between elements,
it is necessary to control the phase of the individual current sources for
each eclement or to use a common sourcc and vary the electrical length to
cach antenna element from the power divider. The latter solution so far
is the casier of the two to implement. Generally, there arc three techniques
to vary the electrical length which are:

(1) PIN diode phasers

(2) DButler matrix array

(3) Ferrite phasers.

The PIN diode phasors cxist in a variety of configurations but all operate

on the principle of creating a short circuit at various points on the
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Figure 1.5: Splitting crossed phased elements into two array points
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transmission line. The reflection from these shorts will vary in phase
proportionally to the distance from the inport to the short plus the

distance from tine shiort to the outport. An exteusive treatment of this
subject exists in the literature and is beyond the scope of this thesis.

The Butler matrix array consists of a trecc of 3dB couplers. By
switching the inputs from A to B to C to U in Figure 1.6, the output
phasés arc retarded by differing discrete amounts as shown in Figure 1.6.
by placing appropriate phase lengths in between couplers, a coherent pro-
gressive phasc shift may be obtained.

Ferrite phase shifters are based on aperturbation of transmission
line paramcters. By changing the LC magnctic ficld applied to the ferrite
dielectric substrate through which the LM wave is guided, the effective
permeability scen by the r.f. field 1is changed. This rcsdlts-in a change
in propagation velocity and thus appears as a phése shift through the two
porf device. There 4s a wide variety of phasers employing ferrite tcchnology.
Most of these devices are employed in wave guidc systems whiie a few planar
devices have been designed.

A final consideration specified by CRC is that the array is to be
operational within the cnvironmental extremes of + 50°C for subsonic air-
craft and -50° to +150°C for supersonic aircraft. It is known that ferrite
materials are quite temperature dependent as secn in‘thc specification sheet
for tihe material used in this thesis. Environmental testing and temperature
controlling techniques were not investigated in this thesis, since these

are system engineering problems and this thesis is concerned with device

design,
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The subject of this thesis is the design, testing and comparison
of two planar digital latching ferrite phasers.

General overviews of recent advances in phase shifters at micro-
wave frequencies are found in References [8], [9] and [10].

Explanations of Butler matricies may be fownd in Reference [11].

Ex tensive treatments of ferrite phaser theory and device descriptions

are to be found in the classical Reference [12] and in Reference {13].



Chapter 11

Theory of Ferrite Phasc Shifters

2.1 General:

The literaturc on the theory of ferrite phase shifters is at best
vague in its déscription of how the actual phasc shift occurs. Part of
the reason for this problem is that to a large extent, the actual physical
mechaniéms involved are not fully understood. Because of this, the author
will attempt in this chapter to present a relatively simplistic description
of the physical mechanisms involved in the production of the observed

phase shift in thc devices described in this thesis.

2.2 Unit Magnetic Dipole:

Consider the simplest atomic strucﬁurc of a hydrogen atom as the
basic system . A single clectron orbits about the nucleus thus pro-
ducing an cffective circular current which results in a magnetic flux
through the current loop. The electron also spins about its own axis
which may be thought of as a distributed current flow about the spin axis.
It is the magnetic field duc to this spin that is considered to be the
primary source of magnetic flux from a single electron's motion. For
general thecory considerations, consider the magnetic flux in.a magnetic
material to be primarily due to elecctron spin. (Reference [2])

Considering a cubic structure of dip0185135 in Figure 2.1, there
is effectively a circular current flow at cach lattice point. Having a
large DC magnetic field as shown in Figure 2.1, then the circular current

at each lattice point will tend to align itself with the applied U.C. field.

14,
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If a small magnetic field (say due to a propagating r.f. field) is applied
at right angles to the D.C. field, the current loop will feel a torque as
shown in Figure 2.1 and thus the magnetic moment p of the magnetic dipole

: R I s
will tend to move to some anglec 0 with B . as shown in Figurc 2.2. §&ince

bC
the spinning electron has mass, it is gyrotropic in nature and having
beeﬁ disturbed from its equilibrium axis, it will tend to precess about
the'HO(BDC) axis at some natural resonant frequency which is a function
of ﬁ; and the angular momentum J of the clectron. If the hrf:u brf
alternates at the same resonant frequency, tihen the precession grows in
amplitude and absorbs encrgy from the applied r.f. field.

The relationship between p and J has been found to be:

5 rad/scc (2.1)

Noy =2 : rad/->et
3 Y .21 x 10 X

in the rationalized MKS system of units. Unfortunatcly, ferrite technology

has evolved in e.g.s. units where:

y = -2.8 Milz/Oersted

Consider Figure 2.2 where ¥ has been disturbed from 6=0. ‘Tlie magnetic
dipole v is acted upon primarily by “o’ thus the torque cxerted on y by

i is given by:

10 1s given by

2.2

T=v x Il
o

It is known that:

il
il

<
<
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Figure 2.2:
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Magnetic moment precession about a static magnetic field
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and also T = dJ/dt
_— ‘ a1 dy .
thus I' = T &t 2.3
By equating 2.2 and 2.3:
ey G x ) 2.4
dt v 0 :

which is the cquation of motion for a single magnetic dipole.

" 2.3 Lquation of Motion:

The total cffective magnetization is given by ﬁg = N.; where N
is the total number of unbalanced clectron spins {unit magnetic dipole)
per unit volume of material. Thus the equation of motion for the solid
is:

d iT

1 t° =y (T x 1) 2.5

In an infinite ferrite medium that is magnetized, consider the tensors:

i=1 +h and M =M +mnm
0 o)
where 0 hiye
= 0 h= h
0
1 h
. O] L =
- _ . -
0 m
L . X
M o= 0 n= m
”o I,

1

As developcd in Reference [ 3] using equation 2.5, the above magnetic state

gives:



m_ o+
X
m +
y
v
0
where mm = - —
uo
and w = - vl
0 Y‘o

If the r.f. quantities (lower case) are of the form ¢

of 2.6 becom

(G

(-w?

(—wz

2 .
wom =pgwwh -y w h
0o X omox o m )
2 .
w m =pwh + p woh
o v om X O MOy
m =0

2 . . ;
+ W m = wwh - 1 W Wiy
o) X Moo x JH O
9
Z .0
+ W mo= -jop ow whx + w W h
o’ 'y L Ho Y Yo'
n
m_ - 0
z

which in tensor form gives:

m
X

Tl

m

e
W W I W oW
uo m o - Ho%m 0
2 2
W -w W -
o o]
MW W Bowow
om om o 0
2 2 2 2
W -W 28] -0
o] (o)
0 0 0

F~ X X 0 h

XX Xy X

X X 0 h

yx Yy Y
0 0 0 Loh

Jjwt
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2.0

2.6a

2.0b

, then the equations

h
y

3]
~



L'Jmmo
where: X = X -
XX yy 2 2
[#4) g v
o
W W
X = -X__ = S
yX Xy J 2 2
{1 -0
(0]

2.4 . Polder Permeability Tensor:

The above x's arc components of the susceptibility tensor that
have singularities at an angular frequency o, whicn is known as the
resonance condition.

Recall the definition Wy = Y “o and note that the susceptibility
tends to approach infinity wien tihe r.f. frequency approaches W, - “Thus
the applied magnetic ficld intensity determines thlic resonant frequency.

The tensor permeability is related to the susceptibility tensor ovy:

['ul'._] = [1] + [x] 2.7
wihiere [1]) is the identity matrix.
since b = uoh +morb = uOLurJn
where y ik 0
[ur]= jk H 0 2.8
0 0 1
and u=1H+ Xxx
ik = —Xxy

liquation 2.8 is the well known Polder tensor permcability. Since the

susceptibility approaches infinity as U5 SO also do the permcability
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tensor elements, u and k. llowever, since an infinite magnetic flux is

unnatural, a loss mechanism must occur if the mathematics is to be valid.

2.5 Effcctive Permcability of Linear Polarized Wave in Ferrite Medium:

In the system considercd above, the applied HO field was along
the 2z axis which was the direction of propagation of the r.f. energy.

Consider the Er field to Le y polarized in a ferrite medium scparated

£,
by a guiding structure of two parallel conducting plates as shown in Figure
2.3. At tne cohducting boundaries of y = ta, it 1s known that no E ficld
tangent to a conductor may existythat is Ex(y=t a)=0. Because of this
there may be no Faraday rotation of the wave as it propagates along the z
axis. If there wcre,Athcn at some point, for cxample, the resultant

E field would be in the x 'direction completely, rcesulting in a Etan at
+ . . S . . . . s .
y = - a vwhich is physically impossible. Keeping this in mind recall

Maxwell's curl L equation:

VxE=-juw UOLUrJh

It is known that E_ = 0 L =0
z X
3 5
X y
Thus: — 7 - - - 7
~ - M }
3 Lv u jk 0 lx
9 z
o [T ik w0 i
. Y
0 0 0 1 i
L — — - L.z _




Upper Conducting Plate
(Growmd plane of stripline MIC)

+3 -
E,_(z,w) y E,(z,w)
3 ] .
z Ferrite Medium
4D | o . e e e _/.____.__.' ______ -b
' X
+ -a +

Lower Conducting Plate
(Centre condwtor of stripline MIC)

25

nils '

Figure 2.3: Parallel conducting plate guiding structure separated by ferrite medium. (this approximates
1/2 of a stripline MIC strwtuwe nezlecting edge ef fects. The botton 1/2 is a reflection

of the fields shown in the abowe diajram.)

"z
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Taking E =1L e—JBZ
: y o
then 5 EV
8 Z‘ = _J 8 I""}f

Substituting this into Lquation 2.9 gives:

—_— —_ e
lfy " -jk 0 llx

iR 0 [=jwuo jk u 0 hV 2.10
U 0 U 1 h
Z

Since only the electrical boundary conditions arc known and only Fy
exists, it is necessary to put h in terms of Ey to find the effective

permeability n . Rearranging liquation 2.10 gives:
e

h _W ~-E
x y
h _ B _ Tl 0 )11
y = o [ur_] 2.
h 0
I Z.___ e PR
Taking the inverse of [ur] gives:
u jk 0 -1
-] 1
(v = T -ik 0 2.12
. T F4 L .
H -k 2 o)
0 0 po-k”
L -
‘ £ 0 .
Thus h o= = — (55— ) L
x wh uz—k“ y
0 i1 2.13
h = b ( é}\ _ ) L’ >
M R T Y
h, =0 —
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It is known that for a plane lincar wave:

-1
h = -n L
X V
thus
-1 B i )
n ) 2 .2
0 B =K
2.2
s s . . - cq s I ~K g
which gives the resulting effective permeability Wy = ! ul 2.14
Substituting for u and k gives:
: 2 2 2
oW w U 0
, O m o o m
=1+ — - - - 2.10
P 2 2 2 2
0] - W - W + U ] O]
0 ) o m o

~

CIf the applied HO ficld were changed to the x direction, then the permcability

tensor will Le:

1 0 0
' = ¢ -il 2.17
LUr_J uoo-j 1
O Jk. v
Taking V x [ = -jw no [ur]ﬁ as before gives:
— —
1 0
-1 k
RV 0 L. J
= 2,2 2.2
u -k uo-k
~Jjk 1
v 2 2 T
TR o=k
(.
Thus h =.- ~§~ I
X wil Y
W= 0 2.19
y
n =20
—
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The effective permeability seen by the propagating r.f. wave is that for

free space.

2.0 Phase Shifters:

By changing the D.C. magnetic fields direction, the effective rel-
. 2 2
-k

ative permeability has been changed from: u = K

¢ M
to: u =1

C

It is this principle that is used in many ferrite phase shifters. As noted

7
wweviously h = - _ll where n = ( "x "o )1/&
! y b= -nkow L
y ©o
benote 2 kz ' .
S 2.21

as the longitudinal magnetization which is parallel to the r.f. propogation
1= - 2.22
LY

as the transverse magnetization which is at right angles to the dircction

dircction and

of r.f. propagation.

It is known that B = w(uoeoeyux)l/z thus continuing the above
. 2,2
subscript convention: 1/2, uw"-k" [1/2 .
= ————— “~ - 3
Bl w(uoeoey) (—; ) 2
_ . 1/2 IR
and B = w(uoaoey) | 2.24
The difference between these two quantities is:
1/2 1412
, /2 -k 24
Ap= -0 = w(L e € 1-
B= BBy = wlie e ) LU (B )

For matcrials and frequencies of interest |k|<<|u| thus:
2
" k :
AR - v I 2.2
B m(uococy)( 5 UZ )

—

(33}
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It is possible to determine the differential phaso siift bLetween the two
remanentstates of a phéser by using equation 2.25 if the total clectrical
length in transverse wave lengths (AL) is known. Obviously only those
portions of the line in a given device that cxperience both states may

be included in the total. One reason for choosing a frequency such that
|k|<<|u| (aside from loss considerations) is théﬁ the difference in char-
acteristic impedance of the medium in the two differcnt magnetized states
causes a rcflection of incident power at each port due to impedance mismatch.

It is easy to see that:

_ po-k“.1/2
2y = =)
2
~ 1 k i . .
- Z.L(l - "Z-—-i-) 2.26
u
‘ 1

If the impedances z, . and zy are chosen such that Z, = ;—(zl+z‘l) where
&

11

Z, is the impedance of the circuitry connected to the device, then approximatcly

equal power will be reflected in either state thus

4 2 z

2.28a

Since z“<z0 and zl>zo, then the power reflected from 20 is slightly higher
than that rcflected from Z)- The optimization 1s theoréticully quite
feasible but because the theory is not very exact, the cffort is not recally
justified. Normally, frequencics arc choscn such that, pdwcr reflections and
.transmission losses arc less than 1/2 dB. On this basis, cquation 2.28

is a valid starting point from an engineering point of view. The reflection

coeficient offcered by 2.28a 1is:
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2
—— 2.29a

Su°-k”

rof

and that offered by cquation 2.28bL is:

oy 2

I - -Ok
o

T gul gl

o
™o
(5]
P

These equations will be design equations if very low reflection cocfficients

arc required.

2.7 Transmission Losses:

In most designs, the principal consideration will be to obtain
the maximum phase shift per unit length of transmission line without in-
curring any significant losses. Assuming operation above resonance, the
losses and the differential phase shift vary proportionally as mr/m i.e.
as wr/m -+ 0, so also do the losscs and Ap. The lossces arc due to two
phenomena: (1) reflection of incident power due to impedance mismatch'and
(2) transmission losses. 1n the majority of cases, tue lowest usablcb
frequency for a given material will bLe determined by tie transmission losses.

In reference [4], page §, the relationship: aw= I—%E- _ 2.30

is derived where: o is the damping factor
w is the angular freaquency at which the linc width is
specified for the given material
y is the gyromagnetic ratio
Al is the 3dB line width of the material at o
As previously notcd,‘thc ferrite technology has cvolved in c.p.s. units, Thus

in c.g.s.
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cquation (2.30) becomes:

ol '
@ = = 2.31

S

i

where Y -2.8 Mliz/Ce.

Al = 3dB linewidth in Oe at fs

f = frequency in Miz specified for Al

Note ‘that for wy < W a is a negative number.

In paysical terms, o is a dimensionless quantity that accounts for the

mainly phonon loss mcchanisms that occur near resonance. In the vicinity

of the resonant frequency, encrgy from the r.f. ficld produces tihe precession
of magnetic dipoles as previoﬁsly described. This motion tends to produce
lattice vibrations and other sorts of magnetic and mechanical motion such

as domain wall movements. Not all the encrgy is rcturned to the electrical
form as some escapes in the form of these phonon losses that cventually
become heat losses. This consideration is obviouslyvvcry important for high
power devices. The term a is defined in [ 3] page 6 as an imaginary frequency

term such that:

0 (0w +jwa
MORSEEY

— — - 7N
Xxx - va ST 2.32
i W +Fja) ~w
(w +jwa)
. j [N p . oy
and X = -¥ = 1 e 2.35
yX Xy L

w +jwe) -
(W *iwe)
Thus if « is small as it will bLe for materials and frequencics of intcrest,

hen: v (W + 1w
then: v @ (uo J wet)
. 2 2

] =)
[¢]
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2 2
' " (mo ) +uywuk) u;w W
. H . ) - -
no- Ju = (-——--—-——-—-———————? 5 ) -»J(- 5 ) 2.34
W -w w e
0 o]
) ] AR
and _]I‘\ | —T——z—
w o -w
0
. W W
! :;»" o bm ) N
JIK -jK ) - j¢( 5= + U) 2.356
w e
o]
5
s . . , . . PRI ke
Substituting into the expression for M glLves: uc—(u+Ju)(l— "7?)

Since latching devices are being considercd in this ticsis, sct w, = U

since ho = 0. Thus:

2
w
by (- a5
W
9]
LV Y IO mmz - :
-1 - i ~—(B-m{41 - — ] 2.306
[V] o)
_ 1 t
=, - oy

If the propagation constant in a non magnetic, but otherwise equivalent,

medium is said to be 80, then in the magnetic medium the propagation con-

. . 1/2
stant will be Lo(ue) .

In the complex plane Mo 1s as 1s shown in Figure 2.4. In phasor notation:

oy . 2_1/2 My
He = L(Uc) +(Ue) ] tan ~( ——)

Taking the roots of e gives two solutions as shown in Vipure 2.5, A

. . ; . . . -i83z . .
travelling wave in the+z direction varies as ¢ J'“, thus the two solutions

will be: 1/2

M) G = LD+ el Teos(1/20) + j sin(1/20)]
1/2 _ o 0y2 2.1/ -
(@) &) @™+ D] [-cos(1/28) - j sin(1/20)]



Figure 2.4: Vg in complex plane.

Figure 2.5: i in complex plane showing two solutions.

30.
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" . . i . -jBz 1/2 .
Wnen these solutions are substituted into ¢ J wicere p= Bo(u ) /‘, it

: c
is easily seen that the first solution is valid and the second is cx-
trancous since gain tiarough a passive device is not possible. Also since

" ton .
wy<<u/ then:

/2~ 2 s -
(ue) /2 (ué) cos(1/20)+) sin(1/29) ] 2.37a
u '
where 0 = tan 1 —ET—) 2.37b
1
e

Thus the propagation expression is:

1
-1 6 ''Tena (2 [ 2 .33
o Jﬁo(ue 7cos(l/20)z o bo(ue fsln 1/20 2.58

l .
. S . -8 "Jsin(}0) 2 ; . .
I'he attenuation may be calculated from e Lo(uc ? n(’:0)z by substituting

pe,)l/Z

Bo( z equal to the electrical phase length of the device.

2.8 Latching Ferritc Model:

All design equations have been obtained and it remains only to
explain the phenomecnon of latching ferrites and to derive the classical
equations that model this activity. These concepts arc not discussed in
nuch of the literature. The best explanation that the author has found
is in Reference [ 3J]. In Reference [ 4], thce authors statc: “In an un-
saturated ferrite, domain resonances cxist over the frequency range:

Yyl , <w<w
anis m

where ty is the cffective anisotropy ficld in the material

nis
"

! = .
and | W= v (4n HS).

This next section explains why the above statement is valid.

In an infinite saturated ferrite mcdium, the flux may be represented
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by the following equation:

L lJo(“o ¥ “int) | 2.39
where “o 1s the externally applied field and “int is the internal field
resulting from molecular ficld . exchanges. This is shown graphically in
Figure 2.6. Hint is a constant for a given temperature and is determined
by the material, while “0 may be varicd by external circuitry. Since u0=1
in cgs units and assuming nothing will disturb thc system (i.e. T=o°k)
tiien as ”o goes to zero from some large positive value, a state will ULe
obtained where B=dnMs =qu_li

0 int

1If I goes ncgative and the system is still not disturbed, the plot would
continue in a linear fashion to

B = uoh = {
If HO goes more negative, then “int will change sign creating a single
saturated domain magnetized opposite to the initial state as shown in
Figure 2.7. This condition is cauivalent to the original system but 1s
really a different system since lyne is ndt the samc in each case. i.c.
B =‘uOH has a discontinuity at li = 0. At temperaturces above absolute
zero, thermal agitation tends to reduce thie alignment action of II which
manifests itself in the formation of many saturated domains that are not
cxactly aligned in the same direction as H, is applied. If ”o is made
large cenough, a single domain will result where b = 4ﬂHS but note that
41|Mq is a decreasing function of temperaturc. Summing the resultant mag-

netic domain dipoles will give some Br which is less than 4w MS. Inside

the domains, however, the fields remain. “i . = 41M
‘ , ~ n s
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B = uO(HO + Hint

)

A1 M e —
S .

!
l
l
|
I
l
l

-1 = “0 + ”int

int
= 0
(o]

Figure 2.6: Graphical depiction of B=uO(HO+Hint) for infinite saturated

ferrite at T = OOK

+4n M
S

~ Single Saturated
Domain

| ] ’_/ \\\\\\\\& +Ho
Single ! ¢ y Domain Reversal Retglons
Saturated ™ | / V/
Domain L/ -

Figure 2.7: Graphical explanation of two magnetized state asymptotes and
hysteresis. :
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plus no= 2,40

where Bo is the flux due to lg alone. For an isolated magnetic dipole, it
is known the resonant frequency is given by
f = ‘
o= vl 2.41
where fr is the resonant frequency
Iyl = 2.8 Miiz/0e
ho is the field applied to the dipole
Thus in the domains that remain aligned to HO:

f
T

Y[ Qi #igne) 2.42

lYlanHS for 1l =0

Considering cach domain as a magnetic dipole of larger magnitude than the
elementary molecular dipoles that make up the domain, then these domain
dipoles arc in a resultant field less than 4nI-Ig Lecause of the misalign-

ment of the domains. Calling this effective ficld that the domains cx-

. d . . . .
perience as “i , then the resonant frequency for the domain dipoles is

nt
given by: fr =y Hint < fr : 2.43
This theory maybe applied to larger domains made up of smaller domains and
resulting resonance lines that are successively lokcr in frequency than

the previous lines obtained. The lower limit to thesce resonant frequencics

is given b I
g Yy and

which 1is Br’ i.e. the smallest field expericenced by any
nis

dipole will be that of the retaincd magnetism in the remanent state, This

Y Iinis is the ultimate source of remnant magnetization due to molecular
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field exchanges as stated in References [3] and [4]. It is casy to sce
that a complete spectrum of resonance lines would cxist between y “aniq:[YIBr

and vy I = |y|4nMS for theremanent state (wherce HO:O) thus explaining

int
the quotation from Reference [4] given at the beginning of this section.
This repion of resonance lincs is oftenreferred to as low field losses by
many authors. Decause the lower end of this spectrum (y Br =y llgnig) 1s
not stable due to the physical condition of the ferrite,(for cxample, hair
line cracks would greatly reduce Br), it is necessary to operate latching
devices above f = 'Y|4"MS- Thus only this area was iﬁvcstigutod in this

thesis.



Chapter I1I

Uesign of Phasers

3.1 General:

In this chapter the desigmsof two different planar digital latching
ferrite phasers will be presented. Where ﬁertinent, the reasons will be
given for particular geometries, etc. As in all designs, the actual needs
of the uscr will determine the starfing poiﬁt of the design process. For
this reason, the phaser will be assuméd and then analyzed following the

convention of established authors.

3.2 ransmission Line Structure:

Planar transmission line structurcs have proved to be very com-
petitive costwise and designwise over conventional wave guide systems.
Tﬁe advantage of thesc planar structures is well documented elsewhere
(Reference [4]) so it remains to sclect the type of planar transmission
line. The two most popular planar structures arc microstrip and striplihc
with microstrip used more often because of its production simplicity.
Stripline is not much morc costly than microstrip but its usc must be
justified for any commercial application.

The first consideration is that CRC specifies that the array module
is not to exceed 0.06X in heipht which is approximately 7.5 inches. 'The
rcason for this requirement is that the structurc is rcquired to disturb

as little as possible the arcodynamics of the aircraft. Thus it is essential

36.
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to minimize the size of the total system.
Obviously, the first step in minimizing the size of the structure

15 to use a hign dielectric constant substrate since

where %1 is the wave length in the diclectric
Ao is the wave length in frce space
= =] + 3
and € off (1-q) q e
where q 1s the substrate filling factor. In a microstrip structure the
filling factor is approximately 0.6 whilc for a stripline structure g=1.

. . . v . L
For cxample if €. = 10 then for microstrip € - 0.4 while for stripline

eff
e = 10.
r
Since the stripline structure confines all the r.{. encrgy to high die-
lectric constant regions and microstrip does not, a greater number of wave-
lengths will be obtained for a given length of line in the stripline structure
than in the microstip.
For the Trans Tech. G-400 material uscd in this thesis where

€. = 14, the ratio of Ad's for the two types of structure is:

A(micro strip) ~ 1,6
A(strip line)

Thus it is scen that significantly shorter lengths of line arc neceded in
the stripline structurc.
Another controlling factor on the sizc of the structure is how

close two lines may Le placed together without any appreciable coupling.
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In most planar phasers, thc transmission line is meandered so that a long
length of line is confined in a small area. This rvesults in adjacent
lines having a certain amount of coupling proportional to the ratio of line
separation over substrate thickness. 1In Reference [ 4], the authors
suggest 5 substrate thickunesses as the minimum separation Letween lines
to prevent significant coupling for the microstrip structurc that they
describe. In a strip line configuration, the clectric flux density is
primarily confined dircctly above and below the centre conductor if it
is relatively wide. Thus a separation of 2 subistrate thicknesses is
sufficient to keep coupling better than 40 db down (Reference | 5] page 129).
Because of this, the stripline device allows approximately twice as much
line to be confincd in the same area as that for a microstrip device. Also,
since tihe fields are completely confined in a stripline structure, there
is no problem of coupling between modules in the multi-clement phased array
system.

For the single aperture device therc is also the necessity of
having the transmission line imbedded in ferrite material so that trans-
verse Yemanent magnetization can occur. This will become apparent in the

section describing that device.

5.3 Characteristic lmpedance:

There are various charts and techniques relating stripline widtis,

substrate thicknesses and diclectric constants such as in Reference [ 5]

These graphs give the ratio of width w over b, the ground planc spacing

vs. z Ve where 24 is the characteristic impedance desired and €. is the
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relative dielectric constant. Since tue appiied “o field is zero for a
latching device, it may be shown that:

av

U

o
m )2
T s

1 - ¢( — 3.1

for longitudinal magnetization along a toroidal path. For transverse
magnetization along a toroidal pati, L Y. {(The direction of magnetization
is in reference to the direction of the transmission line i.c. the direction
of propagation).

As stated in the Chapter II on theory, the mean of the two state
impedances should be equal to the impedance of the
external connecting circuitry. Thus using Reference [5 ] it is possible
to obtain W/b for zo/er/ur where €. is the substrate dicloctri; constant

w
. 49 1 m o2 -
and Ur 1 - 5-( —E-) 3.2

Tnis stripline width will offer equal power reflcection for the two states.
. v " v 2 o . .

Generally speaking wm/w - 0.82 - 0.97. This valuc will offer a reflection

that is approximately 25 db below the incident signal. Since there is

an "in" and an "out'" port two recflections occur, thus the reflection is

22 db below the incident power level.

3.4 ‘fransmission Losscs:

Generally, a device will be located in a repion wiere magnetic
transmission losses will Le very small. To calculate thesc losses, tlhe
SQB line width as found on the specification sheet for a given material
(Appendix I) and the frequency at which the line width is specified are

substituted into equation 2.31 to obtain the damping factor a. OSubstituting
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tiie values for Trans Tech G400 material found in Appendix 1 the damping

factor 1is:

Ly Al
O
2 f
s
-2.8 Mliz/Ce x 40 De
B 5.2 Gz
fy 3

- -12.2 x 10~

Wext the magnctization resonant frequency is obtained:

£
i

- +20 Hyldﬂ HS‘,J

= +27 | 2.8 Miz/Ce x 400 Oe ]

. 0.
= +2w [1.12 x 107 ) rad/scc

The frequency of intercst in the case of CRC's AEROSAT system is 1.6 Gliz

¢
thus - w =21 x 1.6 x 147 rad/scc

Substituting tie values for a, . and o into 2.30:
i

O , N cu“ "
I _ _*‘ P . __.L . ~ - “‘_ P4
W, = L1 ( m.) J+ g a( " JL1 ( o )7
N 2 -2 - 2
Sl - 0] v 5 (.22 x 10790 00-6.71) ]
Y 0.51 + § (4.36 x 1077)
Thwas ¢ ' - 0.51
e
u v ¥ +4.,306 x 10_3

¢
Substituting these values into 2.37b to obtain tihe angle of the magnetic

loss tangent:

@
1l
ct
=
=
i

C

I, 43651077
0.51 -

1
=2
=
=

1

s

. -3 .
- +8.5 x 10 radians
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Substituting into 2.37 gives:

v -
/ﬂé - vuc' [cos 1/20 + josin 1/268)

(0.714)[ (1.00) + j(4.34 x 10°7)]

0.714 + j3.07 x 107

Suvstituting the imaginary part of Muevinto 2.38, the loss may be obtained

from: ' -6 Vp T sin(1/20)L
O[)OUC (1/20)

N —BO(O.OOS)L
- ¢
Taking L = A gives the loss per wavelength:

-2 (0.003)
e

~-0.0188

-
witich is approximatcely 0.16 dP per wave lengthelLoss taungents for dic-
lectric losses for materials of interest are of the order of 0.0062, thus

are of little concern.

3.5 Wbouble Aperturc Phaser:

In Reference (4 J, a microstrip reciprocal double aperturc ferrite
phaser is described. In this section, tie design of a stripline cquiva-
lent to the above mentioned phaser is presented. Some reasons for using
stripline rather than micro-strip techniques have alrcady been stated in
section 3.2. Also since, the single aperture device described in Section
3.6 must be of the stripline type so that transverse magnetization may
occur, the double aperture device was similarly constructed in stripline

for comparative reasons.,


http:stripli.ne
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The gecometry of this device showing the two magnetized states is
siiown in Figures 3.la and 3.1b. Since only along a line between cach pair
of holes would the magnetization be parallel to or at right angles to the
transmission line, it is necessary to perform the following lengthy but
relatively simple mathematical calculation to derive the actual differential
phase shift through the device. A picture of this device is shown at the
beginning of the thesis.

In Figure 3.la, the magnetization is more paralicl than perpendicular
to the meandered line section. The dotted input and output lines experience
thiec same effective permeability in either state. The magnetization 1s
circular in naturec about cach hole 8§ and it 1s assumed that all the meandered
line is in a switched zome. It is apparent from the diagram that line
section fe is not truly in a switched zone, however, ficld inhomogeneities

would make this region essentially a switchied region

Recall that u, - 1
L
(oY)
3 m .2
U" -1 - "E')
N W o
Thus po-1-( —a-)“ coso
X
wvhere cosO = )
}/XL + y

It is apparent from Figures 3.la and 3,1b that: the differential phasc for
the sum of line secctions: Lbc + de + fg + hj ] will cancel the differential
phasc of linc scction Kj. 1t is also casy to scc that the symmetry about

the line joining the hole pairs will simplify the integrations as below.
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Using a Taylor series first order approximation gives:

/

Vi

7%

~ 1 m .2 )
-1 - = (— cost
2 ( (u)
v 1 mm 2 X
"oz ) Um)
v x7+v

Thus the phase length of themeandered line in this statc is approximately:

b -~ 1Y 2 < .
B P A it B W s B
o} Xty
¢ - 1 “m .2 X -
+ 4 By, L1 -5 ( — )" ( ¢”§;’?“9de
JQ o x7+y{'
f 0) X
s [T 1oL tny2 5y
+2 ) ()0 [_l 5 ( " ) ( ST )I(]}
0 X+y
¥ l“'(pll(kj) * 9 (be + de + fg + W) = ¢
Y3 Ag +
[ \bo q,)c
(‘)m o) B -
5 () (X)) Llog (A + VAZ4%Z ) - lop(X)]
o] ® 1 1 1
“mo_ 2 - /e »
W v
-8 ( —) ,(.\3)[,,log(/\ + //\7+Xé ) - Jog (X)) 5.3

In Figure 3,1b, tic magnetization is morc perpendicular than parallel

to the meandered line section. The dotted input and output lines expericnce

the same effective permeability in citiicr statc shown in PFigure 3.1. Again,

the magnetization of the substrate is circular about cach hole T and as

before it is assumed that all of the meandercd line is in a switched region.



/
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Figure 3.la:

—— centre condiuctor

Double aperture parallel magnetization (2¢x2.025 in.plate)

centre
cond wtor

T

Figure 3.1b:

*S

Double aperture perpendicular magnetization
(2% 2¢.025 in, ferrite plate

44,



45.

As stated previously line section f€ expericnces completely transverse
magnetization in the state depicted in Figure 5,iL. In Figure 5.la,
portions of tie linc are in an unmagnetized region. liovever, since the
demagnetizing ficld normal to the platc planc is almost unity, the magnetic
domains under fe must resolve along the x and y axes, thus the permeavility
| v 1 Wz

e 14 1 . i “ T, . P . .
will be approximately Hopp ~ 1 -=( —5-) . Oluce 1n this calculation
only first order approximations are being considered, the above discrepancy

is not significant. Recall again:

0\,

1 m o2
-1 - = ( -==)" cos
Ea w

y
winere cost = 2 2 in this case
y +X
: —y 1 “m .2 Y
Thus v -1 -5 (—) Vv 2 2
2 W y +X
ll 1)
, . 1 m
Then = 2 { Sl - = -—
ey ¢l N LOL 5 ( "
N | mn . yl
+ 4 (1 - = (—)° T2 ) jdx
JA bl -5 (=27 ( yx ). Jd
+ 2 Aﬁo + Lwl(bj) + ¢ll(bc+de+fg+hj):¢cj
! = 2)' g + )
(y-L A LO rlc
L')N
- — " sl (K AT
b =07 (Y )l lop (e + v ”1_))
- lop (A 4 v: \;z;\,‘;' )
(A)]‘ .
e L B T s )
Lbo( w ) (YI)LIOL (i VN‘+Y1 )
- N R f"”?"‘""?; - P
10{,7_ (/\ + v[\“+Y“ )_] 3.4

1



46.

low that cxpressions for the electrical length have uveen obtained for caci
statc, it is possible to obtain the differential phase shift of tie

device by taking the difference between cquations 5.5 and 5.4

Thus ¥ ¢l —Qll

W
= [ _El_ 1< Y ¥ Ay s(N )
Lo( o ) L(Al){lOg(A + V2 L2 ) JO&(Al)j

A +XI
- . A /“"?,"-‘——,;' .. .
+ g(KZ){log(A + IAL+X§ ) - loﬂ(xz)}
+

-r y Ay - s (n ] A
(AS]{IOg(A + e ) log( 3)}

3 S 0 - s (7 ST Y )

- (Yz){log(k/+ ‘R“+Yf log (A + vAu+Y€ )}
2(Y 5 (1 oo - o (A T o) ] 3.5
h(ﬁl){log(h v +Yl log (A + Y +Y1)}J 3.0

By substituting the appropriate numbers into cquation 5.5 it is possible
to obtain the differential phasc shift for tihe device. This will be

done in the next chapter so as to compare with expcerimental data. OF
course, if other than 5 meandered line sections occur, or if the mecandercd
line region is not a squarc area, then cquation 3.5 and the derivation

producing this result will have to be changea appropriately.

5.6 Single Aperturc Phascer:

The single aperture phascr described in this scction is an attempt
to make more efficient use of thic ferrite material than 1s made in the
double aperturc phascr ofscction 3.5. The principles of design are valid,

However, because of certain problems with the available technology, 1t was
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not possible to verify without question the validity of tihis design
experimentally.  Initially tiac design will be described and then the
provlems due to the fabrication process will be oxplained showing why the
device does not work as well as tiie theory predicts.

The geometry of the centre conductor is shownin Figure 3.2, When
a current pulse is passed normal to the planc of thie structure through
the centre hole, a circular magnetization will occur in the substrate that
is parallel to the majority of the meandered linc scctions.

In Figurc 3.3 is shown liow transverse magncetization of the sub-
strate occurs. By sending current pulsc down tﬁc r.f. centre conductor,
the ferrite material around the centre conductor should become nagnetized
in tie directions shown in Figure 3.3 which 1s cssentially parallel to
the “rf of the propagating r.f. signal. Scparation between adjacent r.f.
conductors must be a minimum of the ground plane spacing so that complete
magnotization‘of the material above and bLelow the r.f. centre conductor
may occur. This spacing is sufficient to kcep coupling at least 40 db
down as stated in section 3.5. In this magnetic remanent state, there
is little interaction between, the n field of the r.f. wave and the sub-
strate, thus u Y 1. Also since the r.f. field oscillates so rapidly at
any given point, ferritc remanent magnetization processes (domain wall

relations and reversals) do not respond to the h . as tihcesce processes are

rf
inherantly slow.

Thus the two magnetic states offer an cffective permeability of:
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centre
conductor

§

Figure 3.2: Geometry of center conductor for single aperture device showing
parallel magnetization poles

SIS IS SIS IS SIS S ST SIS S S S S S S S

M = « o o o = } M 50 mils

l———centre

M [ X X X X X }

\ conduwtors ————J

S S S S S S SS

Fig. 3.3: Transverse magnetization of ferrite material for single aperture
device.
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v

and pl.- 1

By adding up the lengths of the circular portions of the r.f.
centre conductor and as before taking a first order Taylor approximation

for Yy the differential phasc shift is found to Le:

ey

A u o Y 2 I
(b 7 L)0( & ) !

whcfo L is the total length of meandered circular centre conductor in the
device. Obviously, the design of the above device is much simplcr than
tnat of the double aperturc phaser. It also offers the advantage that
cssentially all of the substrate surface maybe used (excepting the corners)
whercas with the double aperture device, only a centre square arca ap-
proximately cqual to 1/Y of the surface arca may be used. The rcason for
this is that, the toroddal path about eacl hole nust bLe such that a coual
return path for the flux must cxist on the outer portions of the sub-
strate. Otherwige the centre rcgion will not magnetize completely. This
is so since the flux density in the material is cssentially a constant on
the macroscopic scale.

The second design in theory makes it possible to obtain a much
larger phase shift for a given area than is possibie with the design of
Section 3.06. However, to producc this device would be much more costly
than the double aperturc phascr since the design {s based on the center
conductor being imbedded in ferrite material. This is not pructical
in any production run and it is also very dJdifficult to producc under
laboratory conditions. The tecihnique uscd to producc this device for

cxperimental testing involved two substratc plates with the centre conductor
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being produced on one platc using standard photo lithography techniques
and then "sandwiching" the two substrates between two aluminum ground
planes. This left an air gap between the two plates which is the origin
of the discrepaucy bctweén experiment and theory as presented in the next
chapters. A further discussion of this topic will be prescented in Chapter

V.



Chapter IV

Lxperimental Results:

4.1 Ceneral:

In this thesis, thc experimental results of a double aperture and
a single aperturc rcciprocal ferrite latching phasc shifter are presented.
Appfoximately fifty different devices were built in the investigation of
this tihesls whicihh culminated in this presentation of these two devices.

Copper or aluminum laminated ferrite plates were not available
from the manufacturer and since thick film deposition facilities were not
available at HMcllaster, the centre conductor was produced by glueinga 2 mil
thick sheet of copper foil to one plate. Then the circuit was produced
by standard photolithographic techniques. lHowever for the material G-400
with a diclectric constant of ¢ ;- 14.1 and a substrate thickness of 0.025
iﬁches, a 50 @ line would only be 0.005 inches wide. The copper deposition
technique left small surface irregulnrities ctc. making it impossible to
etch a 5 mil line. Thus it was arbitrarily decided to make the line 25
mils wide and obtain experimental results for the phase shift only. In-
sertion losses were of the order of about 2 db from 1.1 to 2.0 GHz.
ecause of this high inscrtion loss it was not possible to determine the
magnetic losscs in each of the two states.

A further discussion of the problem cicountered in fabricating

tliese devices is prescented in Appendix I1.

51.
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4.2 Double Aperture Phaser:

The double aperture phaser dcséribcd in this thesis had the con-
figuration shown in Figure 3.1. The dimensions arc given in Table 4.1.
Thie substrate thickness was 0.025 mils, thus ground plane snacing was
approximately 0.55 inches. The copper centre conductor plus the adhesive
account for the extra 5 mils.

Table 4.1

Double Aperture Phascr Dimensions

A = 0.4 inchies R = 0.7 inches

Xl = 0.3 inches Yl = (.2 inches

XZ = 0.5 inches Y, = 0.4 inches
S

X. = 0.7 inches

Substituting the values of Table 4.1 into equation 3.5 gives:

G E
, | . ; - 5 . o
bp =B, (=) L(0.3){log (0.4 + /ko.4)2+(u.3)z log (0.3)}

+ 200.5){1log (0.4 + v 2)- log(0.5)}

(0.4)%+(0.5)

+ (0.7){log (0.9 + /t0.4)2+(0.7)2 - log(0.7)}
- (0.4){log(U.7+/kU.7)2+(U'4)2)— log (0.4 + /(0.4)2+(O.4)2)}
—2(0.2){log(0.7+¢(0'7)2+(O.2)2)— log (U.4 + /(0.4)2+(U.2)2))

(53] ~ .
= B, ( —%—)“(0.81) radians 4.1

w ve X 2.54

radians
inch

J

wiere Bo = ( S‘X 1040 ) (

114 £(Giz) degrees/inch.
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and w, = 2ﬂlyl4w MS

= 21w (2.8 Miz/0a)x 400 Og

= 2u(1.12 x 109) radians/sec.
By substituting the appropriate values into ecuation 4.1, the theoretical
plot of differcntial phase shift for the saturated device may be obtained
as shown in Figure 4.1 by the solid line. The cxperimental data for the
device (Table 4.2) was produced by an lP-3545A network analyscr systen.
The network analyser was patched into a CLC-6400 computer at Mciaster in
which resided a routine that controlled the measuremcnt taking and pro-
cessed the data. lLach measurement was made 25 times by the system and
then the results were averaged giving the phase length versus frequency
information in Table 4.2. 1In Table 4.3 the differential phase is calculated
from Table 4.2 and this information is ploted on Fipure 4.1. Note that

tiie theoretical data assumes. a saturated magnetic state for the substrate.
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Frequency
in MHz

1100
1150
1200
11250
1300
1350
1400
1450
1500
1550
1600
1650
1700
1750
1800
1850

1900

Table 4.2 Double Aperture Phaser

Transverse Longitudinal
Magnetic State Magnetic State
S$21 Phase (Radians) S21 Phase (Radians)
-2.83804 -3.14837
—2.88115 2.60242
2.265 1.98354
1.67667 | 1.36374
1.01952 .735545
.383795 .124856
-.195673 -.412739
-.714719 -.911478
-1.237?5 -1.42918
-1.74216 -1.93776
-2.26757 -2.4674
-2.85287 -3.04978
2.86725 2.6803
2.36172 2.19001
1.83315 1.68261
1.35907 1.21013

.862222 .69538

Experimental data of phase length for two magnetic states

for double aperture phaser. (S21 is the transmission parameter

of the scattering matrix.) ‘
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Table 4.3 Double Aperture Phaser

Frequency

in Miz 6 (rad) Ad (deg)
1100 .31033 17.8
1150 : .27873 15.0
1200 .28146 16.1
1250 .31293 17.9
1300 .28396 16.3
1350 . 25894 14.8
1400 . - 21707 12.4
1450 .19676 11.3
1500 19143 11.0
1550 ,19560 11.2
1600 .19983 11.5
1650 .19691 11.3
1700 .18695 10.7
1750 17171 9.8
1800 .15059 8.6
1850 .14894 8.5
1900 .16684 9.6

Differential phase shift calculated from Table 4.2 for double
aperture phaser.
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nanetic
satuwation
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(renanent state)
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1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9

Figure 4.1:

aperture device.

Frequency GHz

Plots of theoretical saturated differential phase shift; corrected
for non saturation effects and experimental data for double
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4.3 Single Apcrture Phascr

The single aperture phaser described in this thesis had the con-
figuration shown in Figure 3.2. The dimensions are given in Table 4.4
and as with the double aperture device, the substrate thickness was 0.025
mils giving a ground plane spacing of approximatcly 55 mils. 7The material
used was the same Trans Tech G-400 material used in thé double apperture
device. The fabrication process was also thie samc for Loth devices. In
cffect both devices were cquivalent with respect to technology; aenly thc
designs of the centre conductors and the magnetic rcmanent states were
different for each device.

Table 4.4

Single Aperture Phaser Dimensions

dl

d.

Y
“

il

0.475 inches S = 0.100 inches.

0.775 inches

d.5 = 1.075 inches.

Taking equation 3.6, it is possible to obtain L = 5140 inches from Table

4.4
: v “m o2
Thus hp - BO( -E') L 3.0
where BO z 114 {(CGHz) degrees/inch
w, = 27 Iyl 4m Ms
= 2m (1.12 x 104) radians/inch
and L = 5.40 inches

By substituting the above values in to cquation 3.6 it is possible to obtain

a plot of 4¢ versus frequency. This plot is, as Lefore, a first order
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approximation to a saturated ferrite device. It would Le quite simple to
calculate the exact theoretical A¢ but because a first order approximation

was necessary for mathematical simplification with the double @erture

device, the same was done here. Thus a more valid comparison between the
. ’ !

devices may be obtained.

The theoretical plot and the experimental data of Tables 4.5 and

4.0 are plotted in Figure 4.2



Table 4.5 Single Apcerture Phaser

Transverse Longitudinal
Magnetic State Magnetic State
Freq(liz) Phase Angle (Radians) Phasce Angle (ladians)
Frequency §21 Phase (Radians) S21 Phase (Radians)

1100 1.55502 1.25366
1150 557097 L2935735
1200 -.266274 - 4528050
1250 -.930673 -1.15541
1300 | -1.6736 ~1.87441
1350 -2.450663 -2.067947
1400 3.041G8 - 2.83021
1450 2.50544 2.12815
1500 1.00802 1.42552
1550 LO3U758 L761169
1600 L2629806 7.4273521.-0G3
1650 - 525088 ~ - 691182
17G0 ' ~-1.20002 ' -53.02025
1750 ‘ -1.83259 ' —l.Q4GU4
1500 -2.45052 -2.506002
1850 -5.13111 53.05331
1900 2.45545 2.33340

Experimental data of phase length for two magnctic states for double
aperture phaser. (521 is the scattering parametex.)



Tablc 4.6 Single Aperture Phaser

Freq in Miz Ay (radians)

1100
1150
1200
1250
1300
1350
1400
1450
1500
1550
16006
1650
17060
1750
1500
1850

1900

17254

L18581

.222864

.21147

17731

16609

Wrong

11345

L11550

L0U60

12155

17.

15,

11.

Ad (degrees)

™o

.6

7
. e

(9]

60.

Differential phase shift calculated from Table 4.5 for single aperture

phaser.
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‘A¢ in degrees

350 \\\\\\

300 ‘\

250 \\\\

~.

200 \\\\\\\

"magnetic
saturation

150 \\\\ Theoretical
\' )
\\
\
\ \
100 ' —~ L
— wmsat wated
(ren anent state)
50
0 S . Experimental

1.1 1.21.3 1.4 1.5 1.6 1.7 1.8 1,9  Frequency (GHz)

Figure 4.2: Theoretical, corrected theoretical and experimental data
for single aperture device.



Chapter V

Conclusions

o
[

At best, the theory of ferrites offers only an order of magnitude
feeling for the actual obtainable phasc shifts. The first sort of error
to be considered is that the ferrite specimens considered in tiuis thesis
are not mégnetized to saturation as was assumed. because of tie domain
structurc and the resulting misalignment of the various magnctic dipoles,
the two magnetic states arc not orthogonal. A good approximation to the
actual state is that Bm indicates the actual magnetization that is parallel
to tie desired direction waile 4m ”s_“m will resolve mostly to the per-

pendicular direction.  Thus in effect the effect of cach state must bLe
multiplicd by the ratio of Bm/4ﬂHS so as to correct for the crror in the
alignment.

Physically this misalignment docs not allow as much cnergy storage
in the dipole precessions as would Lie possible if alipnment were exact.
Conversly for the none interacting state some cnergy storape does occur
when it is assumed that noneoccurs. In cffcct:

“J > 1

\

) -
m .2

and u <1 - (——LT }

11

Taking tihe ratio of rctained magnetism to the saturated magnetism then:

62.
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N 4nMS-Bm wm 2
wpm - U () 5.
S
B W
~ m m .2
STURE A ) (=) 2.2

Thus the differential phase shift would be:

ré = B, Le[v'uH - VHL] 5.3

where BO = quoe €

or
and Le is the effective length of switched line in the ferrite envircoment.

Taking a Taylor first order approximation to equation 5.3 gives:

" 2B
m -
b6 - B L L Z?H;‘ 1] 5.4

Thus if all theoretical phase shifts are multiplied by the factor
1] : 5.5

a first order error correction will be made for the fact that the material

is not saturated.

5.2 Double Aperture Phaser:

Considering the double aperture device of this thesis then sub-

stituting the values for B_ and 41rMS for the G-400 material, the correction
2B

N .
factor becomes Z?ﬁm" 1 - 0.45. By multiplying the theoretical curve of
S
figure 4.1 by the factor 0.45, a curve that is closer to the experimental
data is obtained. It must be emphasised that this corrected curve shown in

Figure 4.1 (dashed line) is only a first order approximation. The deviation
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between this plot and data is due to the 2 to 3 mil separation between
the centre conductor and the ferrite plate caused by the adhesive. The
non monotonic nature of the experimental results which are repeatable hag

not been explained.

5.3 Single Aperture Phaser:

As with the double aperture device anerror correction factor of
0.45 should multiply the theorectical saturated phase shift of Figure 4.2.
This is shown as a dashed line in Figure 4.2. However the experimental
data is still substantially below this corrected curve.

The explanation for this was determined to be as a result of the
fabrication technique. Since, the phaser was constructed of two plates
with the centre conductor sandwiched between the plates, there resulted
an air gap of approximately 5 mils. Thus the toroidal path of magnetic
flux around the transmission line (Figure 3.2b) has two air gaps in it.
These gaps create poles along the surface of the plates adjacent to the
conductors and as a result a demagnetizing field is produced. This de-
magnetizing field tends to reduce the alignment of the desired magnetic
state where the magnetic dipoles would be at right angles to the direction
of propagation. The actual demagnetizing fields were not calculated for
this thesis because of their complexity. However, a qualitative argument
may be presented that indicates this is the reason for the lower than
expected phase shift. Assuming that the ﬁagnetic flux density in the air
gap is the same as in a magnetized ferrite toroidal path i.e. for G-400

Bg ¥ 290 Gauss. Then across the air gap the magnetic intensity drop would
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be:
v .
H x L - 3.7 Gilberts.
8 g
where Hg = 290 Oersteds; the field intensity in air for aflux density of
290 Gauss
L, = 0.005 x 2.54 = 0.0127 cm

The’maximum bC magnetié flux path length around the strip line is ap-
proximately 0.5 cm. With Hc = 0.69 Oersteds this 1s equivalent to a field
approximately of 0.4 Gilberts required to demagnetize.the ferrite toroid
without air gaps. Thus the 3.7 Gilbert drop of the air gap indicates a
much wider pole distribution than the assumed area and/or a much lower
flux density in the ferrite than assumed. Obviously some distribution
that gives a lower flux density (i.e. due to é demagnetizing field) and

a larger than 0.025 in. wide pole distribution exists in combination to
give the observed effect.

To overcome this problem, the ratio of the air gap over the total
flux path length must be reduced. Obviously the best result would be to
reduce the air gap to zero but this involves fabricating the ferrite
material with the conductor in the middle which would be expensive to say
the least. Staying with the double plate concept, if a method of depositing
100,000 X (approximately 5 skin depths) of conductor on the ferrite

material is available, then the air gap is reduced to 10 microns.

The other thing that may be done is to make the substrate thicker.
This has the effect of making the transmission line wider and thus making

the path through the ferrite longer.
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5.4 Comparison of Two Designs:

In the double aperture device only the centre square region of the
plate may be used to produce a phase shift. This is approximately one
ninth of the total area of ferrite plate.

In the single aperture device, the whole plate mayrbe used, however,
only an average of one fourth approximately of the possible phase shift is
obtained using the available construction techniques.

Assuming a separation Detween adjacent lines of 0.1 inches on
a 2x2 inch plate then in a double aperture phaser, the possible effective

vlength of switched line is approximately nine inches. In the single aperture
device, the effective length of switched line would be approximately

twenty seven inches. Thus there is a ratio of 3:1 in possible line lengths
bétween the two devices. By combining these two figures, it is easy to

see that only 3/4 of the possible phase shift obtainable in the double
aperture phaser may be obtained in the single aperture device. Thus, un-
less some technique of greatly reducing the ratio of air gap to flux path
length in the devices is'obtained, there is no justification for using

the single aperture design. Using thick film deposition techniques should

make it possible to do this.



APPENDIX 1

Ferrite Specifications

On the following page is given a photocopy of the specification sheet for
the ferrite material used in this thesis. These specifications are those
provided by Trans Tech, Inc. for the material they designate as G-400

which is an aluminum doped garnet polycrystalline ceramic.,

67.
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TRANS-TECH, INC.

GARNETS ¢ FERRITES ¢ ALUMINA
DIELECTRICS e CULTOMRARED

SPECIFICATION
BULLETIN s

®
®
. GARNET
e
TYPE G-400 ° BULLETIN NO. 155-67 |
Aluminum doped ° :
@0 0600000000000 00000000O0O0COC
CHARACTERISTICS
Saturation Magnetization (47M;) in gauss @23°C . . ... ... e e e e e et e e e e e e e e e 400 +25 gauss
geffective @ 9.4 GHz . . . . . . . . L e e e e e e e e e e e e e e e e 201 +1%
Line Width (AH) inocersteds @ —3dband 9.4 GHz . . . . .. .. . . .. . ittt i <45
Line Width (AH) inoersteds @ —16dband 9.4 GHz . . . . . . .. . . i ittt it it et e e e < 200
Dielectric Constant (€) @ 9.4 GHZ .« « v v v oo e e e e e e e e e 14.1 +5%
Dielectric Loss Tangent (tand) @ 9.4 GHz . . . . . . . . . . it e ... <.0002
Curie Temperature in C . . . o v it i et e e e e e e e e e e e e 135
Spin Wave Line Width {(AHy ) inoersteds @ 9.4 GHz . . . . ... .. ... it 1.40
Switching Coefficient™ (Sy) inoersted *fseC . . . . .. . ...t e 0.58
Switching Intercept® (Hp) inoersteds . . . . . . . .. ittt i e e 0.79
Initial Permeability (o) @ 1 KHz . . . . .o e e 41
*10% output voltage measurement
]
Material Type G-400 is one of a series of aluminum doped linium makes them the most suitable yttrium type garnets
yttrium-iron garnets. This series exhibits very narrow reso- for cryogenic applications. The useful frequency range for
nance line widths and finds primary application in non- type G-400 extends from 0.18 to 1.8 GHz depending on
resonant devices where extremely low absorption loss is the device geometry demagnetizing factor.
required. Also, the absence of rare earths such as gado-
300 700,
0.5” 0.0. by 0.4 1.D. by 0.5 length toroi v‘-m..l.c.. ..L
| Temperature: 25°C. /, 0 )
a3 Frequency: 2KHz / "3’ €00 »
Drive Field: 6.0 oe < a2
2 130 9 500 -] @
< 78 - — o
g g ook P— o
® o ¢ l ] @ L, T
I I @ 300/ \B\m
-7 Bm=291 | \'\-\‘-\_ \\\
[ | Br-22 0 TN e
- 150 B -
/ / He =69 100 ™~ A\ 20
- —— T AR
// THANS . THOM, ING. o - (]
- -60 -40 20 ¢} 20 40 &0 80 100 120 40
-3 -4 -3 -2 -1 0 i 2 3 4 -

H OERSTEDS ~ TEMPERATURE °C

Hysteresis Loop for G-400 . . . .
ysteres e Temperature Variation of Hysteresis Loop Properties shown in adjacent graph

"'Spociﬁcaﬁons subject to change without notice.

Unless otherwise indicated, all data is nominal

and Saturation Magnetization for G-400

AUGUST 1, 1972

12 MEEM AVENUE, GAITHERSBURG, MARYLAND /(301 848-3800 TWX 710 828 05439




APPENDIX 11

Fabrication of Phasers

The phasers produced for this thesis were of the Trans Tech G-400 material

shown in Appendix I. The plates were 2x2x0.025 inches. These ferrite

plates were very brittle and thus required ultrasonie . drilling to make

the required holes. To do this:

(D

(@)

3

(4)

(5)

(6)

(7)

2x2x0.25 inch aluminum mounting blocks were produced, two for each
device.

The position of the holes for switching wiring were then drilled
through the aluminum blocks.

The OSM launchers were then mounted so that the two ferrite plates
plus the centre conductor would fit between the two aluminum blocks.
Next to each aluminum block, one of the ferrite plates was glued using
5 minute epoxy, and then a piece of two mil copper foil (thinnest
foil available commercially) was glued using 5 ﬁinute epoxy to

one of the plates.

The centre conductow of the launchers were removed and the device was
assembled,clamped and left to cure.

After a minimum 24 hour curing period, holes were drilled through

the ferrite plates plus centre conductor using the aluminum blocxk
holes as guides. These holes were approximately 1/8 inch in diameter.
The next step in producing these devices is to disassemble and clean

the copper foil using #3 Tripoli power.
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(8)

9)
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Then coat the aluminum block with a spray paint or some other pro-
tection againstbthe fer{ic chloride etchant.

Next etch the copper surface in ferrie cloride for one minute, then
rinse in hydrochloric abid, then water, and allow to dry in air.

Note; do not heat the device in any way since the copper expands

and.bubbles,thus breaking the epoxy copper band.

(10)

(11)
(12)

(13)

(14)

(15)

(16)

After the copper is thoroughly dry, mount on a spinner, deposit
approximately 1/2 cc of Shipley's AZ-1350 positive photo resist

(or equivalent) to the 2x2 inch copper surface and then spin until
dry. |

Allow to stand in dark dust free space for an hour before photography
When thbroughly dry, place mask over copper surface making sure

that the circuit is close to the surface of the copper by weighting
with glass plate if necessary. Expose from a distance of 18 inches
with a Norelco PVY 650 watt, 120 volt projection lamp (or equivalent)
for 2 minutes.

Place exposed plate in 1% potassium hydroxide bath and agitate until
all photo resist is removed from exposed areas.

Rinse device in water and dry; then inspect under microscope and
touch up any holes with spme suitable paint or tar.

Agitate in saturated ferric cloride bath ¢ about 45°C until exposed
copper is removed and then remove remaining photo resist with acetone.
Now mount device together making sure not to create undue stain an

the ferrite plates. Ferrites are magnetostricture in nature and this
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usually appears as a decrease in differential phase shift. It is essential
that a shock and stress free mount be produced for any device that is to be
used in other than laboratory conditions. (Referencce [7])

The preceding gives the technique used in producing the device.
The author feels a few notes on difficulfiesencowﬁered in attempting to
produce this device are in order at this point.

The first attempts at producing these devices involved vacuum
deposition techniques. In producing the ferrite plates, the material is
firstly ground up and then polished to approximately 5 micron spheres.

Then this powder is compressed and sintered. into a solid of the mold's shape
at between 1000 and ZOOOOC. -The result is a fairly porous céramic, however,
the exposed surface while appearing irregular under a microscope is really
too smooth for a vacuum deposited metal to adhere to. To over come this,
plates may be scrubbed with a coarse abrasive to create what the chemists
;ail“dangling bonds'. After removing any dust from the surface, the plate
should be placed in a high vacuum (10-5 torr or better) and heated with no
more than about a 15 watt heater for 2 or 3 days. This process will

draw off as much moisture as is possible from the porous surface. After
this the device should be allowed to cool while still under vacuum. After
several hours of cooling (this time i; necessary since all heat loss must
occur by heat piping through the vacuum chamber mounting and by rédiation),

a slow vapour deposition of the metal may be begun. The process should be
relatively slow (say 1kX .per minute) so as not to creéte excessive loca-
lized héating on the surface which tends to boil off remaining moisture

thus breaking the ferrite-aluminum bond.
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Using the above technique, it is possible to deposit aluminum on
fefrite and have a fairly good bond . llowever, it is not good enough to
hold copper. Putting down a strike of ZOOX of chromium and then copper
works well also. The limitations to these techniques are in the available
deposition units at McMaster. The various Ldward's units can only lay
down a maximum of 20,000(1 which is approximately one skin depth.

Attempts were made to electroplate copper which resulted in the
copper separating from the chromium strike. The electro chemical potential
of aluminum is below that of hydrogen so that electro-plating aluminumin
a aquious solution results in the production of hydrogen chloride gas. |

Attempts were made to make successive vacuum depositions of aluminum
and of copper which resulted in layering of 20 K R deposits of metal
separated by surface oxide films due to the exposure to air. Because at
least five depositions were required to obtain five skin depths using this
technique, invariably one of the layers would separate and peel off. Another
possible reason for this was the temperature expansion coefficient of the
metals.

What was really required was a source of metalrvapour that would
giVe a 100,000X deposition and since this was not available, it was

necessary to resort to the metal foil and adhesive technique.
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