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Average Power Capa01ty of Rotary-Field Ferrite
‘Phase Shifters

William E. Hord, Senior Member, IEEE

Abstract—The rotary-field ferrite phase shifter inherently -
achieves excellent phase accuracy which has led to application -

in many single-axis phase scanned antennas. The limitation on
power capacity of this device is generally dictated by average
power rather than peak power. This paper analyzes the aver-
age power capacity of the phase shifter as determined by the
increase in rod temperature and the maximum thermal gra-
dient. An equivalent circuit model for thermal analysis is de-
veloped, and its parameters are determined by r-f and temper-
ature measurements. An alternative geometry is described
which results in significantly improved average power capacity
without noticeable degradation of r-f performance. An exper-
imental phase shifter using the alternative technique was built

- and tested. Comparison with a conventional rotary-field phase
shifter demonstrates the improvement achieved.

INTRODUCTION

HE PHASE characteristics of the rotary-field ferrite
phase shifter are determined by the magnitude of
the control currents applied to the drive coil of the phase
shifter [1]. Since these may be set accurately, the phase
shifter inherently achieves excellent phase accuracy. This,

together with the relatively large peak and average power

capacity of the device, has led to applications in several
single-axis phase scanned antennas. The peak power ca-
pacity of the garnet material used in these devices may be
modified over a rather large range of values by either sub-
stituting for some of the iron ions [2] or by controlling
the grain size of the material [3]. Because of this, power
limitations on antenna.design are generally imposed by
the average power capacity of the phase control device.

The average power capacity of garnet devices is gov-
erned by the rate of heat removal from the material. The
. heat is generated by dielectric and magnetic losses in the
garnet with the latter generally being the major contribu-
tor. In addition there are conductor losses in the metal
waveguide walls which house the garnet material. If the
temperature of the material becomes excessive, or if the
thermal gradients become too large, the device will cease
to operate as designed and failure—sometimes cata-
strophic—will occur.

A cross-section of the rotary-field phase shifter is shown

in Fig. 1. A circular garnet rod and steel drive yoke are
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Fig. 1. Cross-section of rotary-field phase shifter.

T Ts
| 0
W@t
0 ca
Ta

N
Fig. 2. Equivalent circuit for thermal analysis of phase shifter.

contained within an aluminum housing. For high power
units, a finned surface is either attached to the housing or
machined directly into the housing to provide increased’
cooling area. An equivalent circuit, useful for examining
the physical limitations on average power capacity, is
given in Fig. 2. Here, P4 represents the r-f power dissi-
pated in the phase shifter, 6, is the internal thermal re-

‘sistance of the ferrite rod, 6, is the thermal resistance
-from rod surface to the case, and 8, is the thermal resis-

tance from case to ambient. The quantities T,, T, T, and

T, are the temperatures of the rod, the rod surface, the

case and the ambient respectively. The measurement of
rod surface temperature, case temperature and ambient
temperature can be accomplished easily and accurately.

TEMPERATURE DISTRIBUTION IN THE GARNET RoD

The steady—st‘ate flow of heat is governed by the equa-
tion:

VT = — =2 (1
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where T is the temperature, A, is the volumetric rate of
heat generation and K is the thermal conductivity of the
gamet. The length of the garnet rod will be assumed to

be much greater than the rod diameter so that axial vari--

ations in temperature may be ignored. Also, the rate of
heat generation has been shown [4] to be nearly uniform
so that A, in (1) may be written

4, = L @)

° ra’L

where P, is the total r-f power dissipated as heat in the
rod, a is the radius of rod and L is the rod length. Taking
the surface of the rod (» = a) as the reference temperature
(T = 0) and solving (1) subject to the stated assumptions
yields

Po @ -, 3)

T =
" = LK,

The thermal resistance of the garnet rod may be deter-
mined by dividing the temperature gradient from the cen-
ter of the rod to the rod surface by the power dissipated
in the volume. This gives

1
4Lk

6, °C/Watt. 4

Periodically loading a garnet rod with low-loss material
of high dielectric constant, in order to achieve operation
at L-band frequencies, has been successfully demon-
strated [5]. The same technique may be used to increase
the average power capacity of the phase shifter by insert-
ing dielectric spacers between garnet disks as shown in
Fig. 3. This geometry increases the average power capac-
ity by allowing heat to flow from the garnet to the dielec-
tric and then to the yoke, as well as the radial flow of heat
directly from garnet to yoke. The internal thermal resis-
tance of the rod is decreased substantially, and the ther-
mal resistance of the rod to yoke is also decreased since
the same amount of heat (approximately) is flowing over
.alonger length. The dielectric used for spacing the garnet
disks must exhibit very low r-f loss and should have high
thermal conductivity. Alumina and magnesia are two ma-
terials with low r-f loss and thermal conductivities greater

than garnet by a factor of 3 for alumina and 4 for mag--

nesia.
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Fig. 3. Garnet rod with periodic dielectric loading.

An analytic expression for the temperature may be ob-
tained by solving Eq. (1) subject to the boundary condi-
tions

oM _ o,

9z z=0 dz z=d

7}[z=kd = Td|z=kd

o1, oT,|
Kf— = d

g 9,y

in which z is the longitudinal distance from the center of
the ferrite, d is the longitudinal distance from the center
of the ferrite to the center of the dielectric spacer and k is
the ratio of the length of ferrite to length of dielectric
spacer. Assuming solutions of the form

() = 2 6) ()

where J,(a,a) = 0, substituting into (1) and satisfying the
boundary conditions result in the following expressions

- for temperature in the ferrite and dielectric regions

o tanh [(o, (1 — k)4] [éosh (¢, 2) — cosh (a,kd)] + —Kj sinh (o, kd)
r = 2P Jifeu) Kd )
LRy n=1 (@) () tanh [a, (1 — k)d] cosh (a, kd) + K% sinh (o, kd)
S =T () tanh [or, kd] cosh [or, (z — d)] ©

T 7K, 51 (0,00, ()

Kf

sinh [a, (1 = k)d] + 2= tanh (o, kd) cosh [er, (1 = K)d]
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These expressions are plotted in Fig. 4 for the tempera-

ture at the center of the rod (» = 0) as a function of po- -

sition along the rod. In all cases, the temperature has been
normalized by dividing (5) or (6) by P,/4wLK; which is
the temperature at the center of the rod in the absence of
- dielectric loading. The thermal resistance of the rod will
be taken to be the average value of the temperature of the
rod divided by the power dissipated. Referring to the curve
for k = 0.5 of Fig. 4, and averaging the temperature over
the road length, results in an average normalized temper-
ature of 0.275 corresponding to a decrease in thermal re-
sistance by a factor of 3.64 from the continuous rod.

It is relatively easy to calculate the amount of heat flow-
ing from the ferrite to the dielectric and then to the exter-
nal sink. The heat flow across a boundary may be deter-

mined from
' oT
Q= — S K—dS
on

Evaluating this at z
power d1351pated gives’

Qend  [(a\ & 1
Qtotal 4 <kd> na (o,0)°
tanh [, (1 — k)d] tanh (o, kd)

Kf
k)d] + - tanh (at,kd)

= kd and normalizing by the total

tanh [or, (1-—

,<7>

Catastrophic failure of the gamet rod can occur if thermal

gradients within the rod result in mechanical stresses se-

vere enough to fracture the rod. For the continuous rod,
the maximum thermal gradient occurs at the surface of the
rod and has value

ar
dr

P,
2 malK f

°C /meter (®)

max

The pén'odic loaded rod has a longitudinal gradient as well
as a radial component. The radial component has a max-
~ imum value

, . tanh [a, (1
aT 2P,

— k)d][cosh (o, kd) —
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Fig. 4. Temperature distribution along composite rod.
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g. 5. Thermal gradients as a function of garnet filling factor.

These gradients are plotted in Fig. 5 as a function of the
ferrite filling factor. Each gradient is normalized by di-
viding by (10) which is the gradient in the absence of di-
electric loading. It is obvious from these curves that ther-
mal gradients have not. been increased by the dielectric
loading, but neither have they been significantly de-
creased except for quite small ferrite filling factor. which
is not a particularly useful geometry. It is interesting that |

1] + % sinh (o, kd)

ar max

N amlKyn=1 (o, a)*

: 9
X ®

tanh [a, (1 — k)d] cosh (a;kd) + —= sinh (a, kd)

Kd

which occurs at the center of the ferrite section (z = o) and the rod surface (r = a). The longitudinal component of
the gradient has a maximum value occurring at the center of the rod (r = o) and at the ferrite-dielectric boundary (z

= kd) with value
oT 2P, & 1

tanh [, (1 — k)d] tanh (o, kd) (10)

3zl . arLK;n=1 () J; (0a)

ax . N K . ’
b tanh [o, (1 — k)d] cosh (o, kd)” + LY sinh (a, kd)

Kd
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the longitudinal gradient which is introduced by the di-
electric loading never exceeds the radial gradient for all
filling factors and is not a factor in limiting power han-
dling capacity.

EXPERIMENTAL PHASE SHIFTER

A composite rod was formed by bonding garnet disks
to magnesia disks and then grinding the assembly in a
centerless grinder. The rod was placed in a thin-walled
aluminum tube, and matching transformers were added at
both ends. The drive yoke was placed over the aluminum
tube, and this assembly was placed in a finned aluminum
housing. A temperature sensor was placed on the alumi-
num tube in order to monitor the surface temperature of
the garnet rod. Another temperature sensor was located
on the phase shifter housing at the base of the cooling fins.
The ambient temperature was monitored by standard
means.

Low power r-f measurements were taken in order to
verify the insertion loss, phase accuracy and insertion
phase variation with temperature of the experimental

phase shifter. The low power insertion loss was approxi-

mately 0.5 dB over the operating band which compares
favorably with the conventional design. The phase char-
acteristics of the device were essentially identical with the
conventional design with the phase shifter exhibiting
roughly 5 degree phase offset between clockwise and

counterclockwise rotation of bias field which is a measure-

of the hysteresis associated with the phase shifter. This
number which is typical of rotary-field phase shifters is
generally removed in practice by the application of a
‘““packup’’ angle which guarantees that the final angle is
always approached from the same direction.

Figure 6 shows the variation of the insertion phase of
the device as a function of ambient temperature. The slope
of this curve (0.526 degrees r-f per degree Celsius) is typ-
ical for this class of phase shifters. However, the intent
of measuring the insertion phase vs. ambient temperature
is to use the insertion phase as a measure of the average
temperature of the rod. Since the saturation magnetization
of the garnet varies with temperature, the insertion phase
of the unit will vary with temperature and will provide a
fairly accurate measure of the average rod temperature.

The phase shifter was subjected to high power testing
using a pulsed high power source operating at a duty cycle
of 0.0333. The input power was increased gradually to a
maximum of 3000 Watts average which was the limit of
the source. Cooling air was blown over the surface of the
fins. The insertion loss of the device, the rod surface tem-
perature and the case temperature were continually mon-
itored as the power level was increased. Throughout the
test the phase shifter showed no indications of excessive
heating. The insertion phase was measured by removing
the high power signal from the unit and quickly measuring
the phase by switching a low power network analyzer into

-the waveguide test system.

Figure 7 gives the increase in the rod surface temper-

ature and case temperature as a function of the average
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Fig. 6. Variation of insertion phase with ambient temperature.
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Fig. 8. Comparison of experimental design with conventional phase
shifter design.

input power. For a 0.5 dB insertion loss, the dissipated
power is 11 percent of the input power. Using these fig-
ures, the thermal resistance ;. may be calculated to be
61°C /KW and the case-to-ambient thermal resistance to
be 39°C /KW. The insertion phase increased 24.5 elec-
trical degrees as the average power was increased from 0

.to 3000 W. This corresponds to a rod temperature in-

crease of 46.6°C from ambient. The increase in rod sur-
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TABLE 1
THERMAL RESISTANCE COMPARISON

Thermal Resistances in °C /KW

- ol'a

6, (calc.) 0, (meas.) 0,. (meas.) (meas.)
Conventional 250 222 234 136
Experimental 69 40 36 39

face temperature was 33°C, so that the thermal resistance
0, is calculated to be 40°C /KW.

It is of interest to compare the values of the thermal
resistances obtained for the experimental phase shifter

with thermal resistances of the conventional rotary-field

phase shifter. The conventional model tested exhibited an

insertion phase change of 27 electrical degrees when op-

erated at rated average power of 800 W. This corresponds

to a rod temperature 48°C above the ambient. The rod

temperature increase as a function of the average input

power is shown in Fig. 8 for both phase shifters. The ther-
- mal resistances are compared in the Table I.

CONCLUSIONS

A technique has been described to increase the average
power capacity of the rotary-field ferrite phase shifter by
alternating layers of dielectric with the garnet. This al-
lows the r-f energy dissipated as heat within the garnet
material to be extracted from the ends of the garnet as well
as the curved surface of the rod. The boundary value
problem governing the behavior of the composite struc-
ture was solved, and the temperature distribution in the
garnet and dielectric was presented. Expressions for the
thermal gradients were developed, and the maximum
value of thermal gradient was plotted as a function of the
garnet filling factor.

An ait-cooled experimental phase shifter was fabricated
and tested at both low and high r-f power levels. The low
power testing indicated that the phase shifter performance
was substantially equivalent to the comnventional rotary-
field design. The high power testing indicated the exper-
imental unit had about five times the average power ca-
pacity of the conventional design. A simple equivalent
circuit for the flow of heat in the device was presented
and values of the resistances for the experimental phase
shifter were compared with those of the conventional ro-
tary-field device.
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