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Abstract-The design principles for dual-mode recigaye|s comparable to the nonreciprocal toroid-type phase
rocal latching ferrite phase shifters are relatively welkpitiers are obtained. One significant drawback is the fact
understo.od at presept. Discussions ofafew §elected tORIES the external yoke requires switching through a thin
not previously studied are presented in this paper. feta| waveguide wall. As a result, eddy currents are
tradeoff analysis is carried out for X-band units to show thgq,ced in the wall. and switching energy is increased
interrelation between phase-shifter weight and insertiofy hstantially at high speeds. At the current state of the art,
loss. An interesting consequence of this analysis is §itching speeds are about an order of magnitude slower
theoretical prediction of an optimum range of values fqfap, the nonreciprocal toroid. This may not be a problem
the saturation moment of the ferrite material. Switching, some system applications, such as radar antennas, since

energy in the presence of shorted-turn damping is algQs array may not need to be reset quickly between the
analyzed and related to the geometry and hysteresis l0Sg 9 smit and receive configurations.

the ferrite material. Finally, a discussion of manufactur-  The sections following summarize the results of stud-
ing considerations and unit cost at high rates of productiqes carried out on the design of an X-band ferrite phase
is carried out. The major conclusion is that unit cost levelgitter intended for possible use in a phased-array antenna.

approaching $10.00 are possible for a production rufihe constraints of the particular application are such that
sufficiently large to justify the substantial cost of enginegg,,, weight, small size, and low cost are of prime concern.

ing and tooling for high rates of manufacture. As a result, the computations were focused on ferrite
materials of the lithium-titanium family. These materials
.- INTRODUCTION do not use expensive rare-earth elements as constituents, in

_Phased-array antenna needs have stimulated a Wiggirast with Y1G-type materials, and have much better
variety of exploratory ferrite phase-shifter work in receRtmnerature stability than magnesium-manganese (MgMn)
years. The main objectives of this work have been direcigdhiies. Also, the relative dielectric constant of lithium-

toward one or more of the goals of a) reduced cost, {D)e ferrites is high than either YIG or MgMn ferrite, which
improved performance, or c) improved configurationyiqs in size and weight reduction.

One of the recent successes has been in the area of recipro-
cal latching phase shifters, where a really practical design py,xse-SuiFter DesioN PRINCIPLES
has become available. Thefirsthintof solutionto thislong- The simplest dual-mode phase shifter uses a com-
standing problem was published several years ago [1], Wiffaely filled geometry in which the surface of the ferrite
much improved versions reported more recently [2], [l s metallized to form a waveguide wall. The amount of
These designs all use a variable longitudinal field in dugjpase shift available from the variable-field axially mag-
mode guide, with opposite senses of circular polarizatig@tized section depends on the saturation moment, rema-
for transmitted and received energy. The key element thghce ratio, operating frequency, and cross-sectional di-
has made this approach practical has been the extremglsions of the guide. Figure 1 reproduces a family of
efficient non-reciprocal circular polarizer used at the engl§ryes of normalized phase shift for the infinite-medium
of the variable-field section. These polarizers are achievegq [2]. In these curves, the normalizing insertion phase
in the same ferrite rod simply by externally applying ga|yeqyis the insertion phase of a medium having the same
transverse quadrupole biasing field to the rod. Thug;jectric constant as the ferrite, but unity relative perme-
single ferrite rod is used for two polarizers and a variablgy;jity  cComputations for these curves were made taking
phase section. The latter is fitted with external yokes gy account the fact that the initial microwave relative
ferrite for latching the variable longitudinal field. Becausﬁermeability of the medium is generally not unity. The
the rod is long and slender, this arrangement yields rem@ase shifingg for a rod of finite cross section can be
nent field values almost at the level of a solid toroid.  ¢4\cylated directly using standard perturbational methods,
The potential cost advantages to this approach gieestimated with reasonably good accuracy from the
clear. Firstofall, there is no solid toroid, and the ferrite rggkinite-medium curves using the approximation
can be easily and cheaply machined to very accurate
tolerances. As far as performance is concerned, the ar-

rangement makes good utilization of the ferrite that loss Do = Aqho [ Ag



wherehg andhg are, respectively, the infinite medium and

guide wavelengths in the equivalent dielectric medium
(M, =1, g4¢,), andwherdgis the infinite-medium phase 7 ~/
shift, as above.
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NORMALIZED MAGNETIZATION (e, /a) us a lower saturation material and allow the length to

increase somewhat so that the magnetic loss can be signifi-
Fig. 1: Normalized phase shift for a circularly polarized cantly reduced at the expense of a slight increase in wall
plane wave in a remanently magnetized infinite ferrite loss. The insertion loss typically varies up to about 0.3 dB
medium. above the base loss with phase changes because of align-
o ] . ment tolerances, variable mismatch, and changes in mag-
Limitations on the frequency bandwidth arise froMggic joss. Figure 3 shows a typical insertion loss charac-

impedance-matching problems and from the dispersiongfistic with phase scanning to display the complete loss
the differential phase shift of the nonreciprocal circulag,gjope.

polarizers. Impedance matching of the fully filled ferrite
guide to a rectangular air-filled guide has been done by
using a section of ceramic dielectric rod that forms an
extension of the ferrite rod. This ceramic rod typically
projects through the end wall into the rectangular guide for
some distance. By using a two-section stepped rod in the
rectangular guide, and with some attention to discontinuity
immitances, itis possible to attain good match bandwidths
on the order of 30 percent of center frequency. Figure 2
shows a swept trace of the return loss characteristics of a
dual-mode phase shifter with two-section matching in
which the phase states were scanned rapidly and frequency
scanned slowly to display all values obtained. The
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nonreciprocal circular polarizers in a fully filled guide 15
have an inherent differential phase-shift characteristic that 20
varies slightly faster than 1/f. Excursions from the nominal ® 3 9 10 11

band center frequency cause deviation from tHelBfer-
ential phase-shift point, and the phase shifter suffers from
an allgnment error. The _p”nC'Pal effect of th.'S err(_)r IS 'ﬁg. 3: Insertion loss trace for same phase shifter as in Fig. 2
cause increases in the insertion loss and insertion loss

modulation levels.

_The insertion loss depends on the dielectric and mag- temperature stability and unit-to-unit matching of
netic loss tangents of the material, the wall conductivity,sertion phase are significant problem areas that must be
and the alignment of the device. The base dielectric l0sgjgen into account. Better stability of insertion phase with
typically negligible compared with the magnetic loss andnperature is obtained by using the longest phase state as
wall loss. In a well-designed low-power structure, thge reset point. Experience indicates that an insertion
conductive loss will usually exceed the magnetic 10ss by,a5se match of abowil5° is obtainable for a quantity of
factor of 2 or 3. When high-power materials are used, igits made from a single batch of ferrite. This remaining
magnetic loss at a given saturation moment increases @fbad can be corrected electronically by a variable “pre-
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set” that establishes a uniform zero state slight up tless model for magnetic loss was taken as

hysteresis loop for each phase shifter. Toaccommodate for

temperature variation and insertion phase matching, itis p"=A

desirable to make units with substantially more major-loop

phase shift than the amount actually needed in the system

application. The parameters computed were the length of rod
required to achieve 500atching phase shift at midband,

[I. TRADEOFFANALYSIS dimensions of polarizers and yokes, phase-shift disper-

In two-dimensional phased-array antennas, the on, weight, and loss breakdown by conductive, dielec-
rameters of low weight, small size, and low cost atéic, and magnetic loss over the frequency band. The same
generally of prime concern. Extensive computations halrigh-saturation yoke material was assumed for all designs.
been carried out for the dual-mode phaser to define the The operating frequency was assumed to be in the
tradeoffs involved between material selection, weight, af@nge of 9.2 - 10.2 GHz. Figure 4 shows a plot of the
insertion loss. Inthese calculations, lithium-titanium ferrit&xpected insertion loss as a function of diameter of the
in the saturation moments range of 400-3400 G wegstire phaser assembly, for materials of various saturation
considered as potential candidates for an X-band phagepment. Figure 5 plots the expected element weight as a
The assumptions made were that a remanence ratiorugiction of phaser diameter. Using these two families of
0.75 and dielectric loss tangent of 4 x4@ere indepen- curves, a set of contours of element weight versus ferrite
dent of saturation moment and that the demagnetiZ&giuration moment have been plotted in Fig. 6. These
magnetic loss characteristic at X band was in the sagwsves clearly show that an optimum choice of material
saturation moment exists that minimizes the element weight
for a given insertion loss level. By choosing the best
proximate value for the magnetic loss coefficient wagaterial at each loss level, it is possible to generate a curve
supplied on the basis of experimental results on a phaggyt displays the optimum weight versus base loss relation-
assembly. ship. This curve, shown in Fig. 7, has the shape of a

The analytical model for the magnetic behavior of th@ctangular hyperbola. The significant features of this
ferrite medium was based on work recently reported i@irve are that it predicts an absolute minimum of insertion
garding the characteristics of partially magnetized ferrifgss regardless of element weight even if insertion loss is
[4]. The microwave initial permeabilify; is expressed as gjlowed to be arbitrarily large. Also, the region of reason-
able compromise between weight and base loss is fairly
well defined by this curve.

For very large-scale production, it is likely that the
cost of materials will be a significant portion of the total
phaser cost. A design that minimizes weight should also
result in the least volume of ferrite required and, conse-
wherew,, = y4mM,, y is the gyromagnetic ratio, Ms quently, tend to minimize cost. There are, of course, many
the saturation moment, ands the radian frequency. The
elements of the transverse Polder tensor are taken as

functions of the operating magnetic moment &4 fol-

lows: BASE INSERTION LOSS VS. DIAMETER FOR
MATERIALS OF SELECTED SATURATION MOMENT
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These relations were used in standard perturbational for- o

mulas to compute the anticipated phase difference between ) 400 600 800
the cases were Mhad the maximum positive and negative
remanent value.

Ordinary pertubathnal f‘?rmu'as Were "’?ISO us?d g 4: Computed loss dependence on diameter for phase
calculate the expected insertion loss, which is considetgfkiers using lithium-titanium ferrite.
to be the result of conductive wall loss, dielectric loss, and
magnetic loss of the ferrite. As indicated previously, the

PHASER DIAMETER (INCHES)



WEIGHT VS. DIAMETER FOR MATERIALS other factors that can influence the design of a phaser for

OF SELECTED SATURATION MOMENT any specific system, such as the power handling require-
LT / ments, cross-sectional size constraints, length constraints,
| 400 GAUSS, and so on. Also, the state of materials development
/l continues to advance, with potential impact on future
@ 12 / / // designs.
Yiv4
2 10 Feoo GAUSS _7/ G%Sgs . PHA.SE-SHIFTER 3/}/ITCHII\!G CONSIDERATIONS _

('3_5 / | Switching considerations are another important as-
w 1/ 2900 GAUSS pect of phase-shifter design. In the usual case, the phase
0.8 [—1000 GAUSS shifter is driven from a voltage source with very low

2000 GAUSS dynamic impedance. The amount of flux change is me-

‘ | ‘ tered by controlling the duration of applied voltage pulses,

06 400 600 800 with the current allowed to conform to whatever waveform
PHASER DIAMETER (NCHES) is necessary. The current level is determined by three

factors: 1) hysteresis effects, 2) shorted-turn damping, and
Fig. 5: Computed weight dependence on diameter for phase3) the d_rlvmg inductance. Itis only the latter that r_elates to
shifters using lithium-titanium ferrite the desired flux change. The shorted-turn damping effect
can be represented in equivalent-circuit form by a linear
resistance shunting the inductance of the driven ferrite

WEIGHT VS. SATURATION MOMENT FOR configuration:
CONSTANT BASE LOSS CONTOURS
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N
IL = Ic + f(p
Fig. 6: Computed constant-loss contours of weight

dependence on saturation moment. . “ . N .
P where t is the “coercive current”, related to the coercive

force H: by
WEIGHT - INSERTION LOSS
TRADE OFF
2.0 _ kH¢l
I = N
16
@ \ In the preceding expressions, N is the number of turns of
% 12 the driving coil gis the total magnetic flux linking the cail,
g and k is a proportionality constant to account for the system
5 08 of units used. The curreng Ithrough the equivalent
£ shorted-turn resistance is directly related to the voltage V
0.4 developed across the inductance:
0 _V _Ndop
0 0.4 0.8 -1.2 16 AR =—=—7— .
R"R Rt

BASE INSERTION LOSS (dB)

Thus the total current Will be

Fig. 7: Computed interdependence between minimum weight
and insertion loss.



kH_I N(p N d(p hysteresis energy for half the hysteresis loop. This term
L Rd will be defined as W, with the conclusion

I, =1 +lg=

The total energy used in switching from one saturated state

to the other will now be approximately calculated. Assume W =W g + 2— 1%
that a constant voltage V is impressed across the coil for a g

timet to switch flux at a constant rate frofg,,, 0 + @ -

ThenforO<t<t This equation expresses the driving energy in the presence
of shorted-turn damping as a function of the hysteresis
energy.

The time constantis basically related to the geometry
of the switched assembly. An approximate calculation of
T reveals the essential parameters that govern its magni-
o) = %1 _4q tude. Forayoke length | on arod of diameter D, metallized

mx M O to a thickness s with a material of resistiytyhe shorted-
turn resistance on a one-turn basis will be

dt T

and consequently
_ pmD

Is
ir(): al N‘pmaxgz_-ﬂ ZN‘pf;aX.

Similarly, the inductance on a one-turn basis is given

imately b
The switching energy will be approximately by

. . | =@ _6.452 x 1078B,, D% / 4
W= [viode=V(i (et | 4.04H o / He — 1]
w =y IHT, 2N O L=40x10°— omeDS
BN R H Hel[(Himae / He) =1]
and sinceV = 2N@ 5 / T, Forming the ratia = L/R,
2 2
W = 2KH |, + N O™ 1=4.0x107° Bna DS :
Rt He|(Humax / He) = 1]p

Now substitute Now substitute forin the energy relation given previ-

ously:
L=n® k(H - )i
max ¢ 0 0
W=W,d+ g%dﬂBH ® %1070
and get g c HP g
Lk The resistivity of copper at standard temperature is 6.79 x
W = 2KH @ + 4R—(Hmax —He) Q- 107 Qin. Ifthis value is used as a normalizing parameter,

The quantity L/R is the dynamic shorted-turn damping M18B,, LLDsO U

time constantr, i.e., the time constant in effect when W:WHS Oy tHH %p Ex O_
driving up the steep side of the hysteresis loop. Next, note
that by defining
where
(pmax = BmaxA

where A is an effective cross-sectional area, the term
2kH l@ is recognized as the volume integral of the



T remanence - to - reman.enc.e SAI/itching time in millisection; W = 3W,, =1650p.

Bmax remanent rod flux density in kilogauss,

He  rodcoerciveforce in oersteds This value is in good agreement with experimentally
D rod diameter in inches, observed results. Areduction of time constgytty about

s metallized film thicknessin mils afactor of 5is possible by incorporating a longitudinal slot
p metal film resistivity relative to copper. in the ferrite rod metallized surface. This slot must be

coveredby a capacitive overlay to prevent RF leakage.
) ) ) o Using this type of constructiohe value ofYp can be
The form of this equation lends itself to the defining of &4,,ced from around 11Mtown to a level roughly equal
reference timérp, such that to 3WH. Thus, with the capacitive overlay wall metalliza-

tion,
Yo O
w=w,a+-2
H % vy H W =3W,, =1650uJ.
where Although the capactive overlay approach is more costly to
implement, the significant reduction in switching energy
may make it worth serious consideration in some systems.
0B e LEDsO
Yo =11 SE_%THT]S.
H. p IV. M ANUFACTURING CONSIDERATIONS

One of the major factors limiting widespread applica-
A sample calculation at X band will be made, based RN Of two-axis scanned phased-array antennas has been
the following assumed parameters: the high cost of the large number of phase control elements.
The dual-mode latching reciprocal ferrite phase shifter has
not only the characteristics required to provide high perfor-

Bnax = 15kG mance, but also has a structure compatible with low unit
H - 1.25 Oe cost in product. Achieving this low unit cost will require
c . a significant amount of manufacturing engineering to
D = 0.3in. establish optimum materials and processes, as well as
S = 0.2 mil careful planning of work flow. Some basic assumptions
r - 5, must be made about necessary prerequisites to low-cost
production.
Then 1) Electrical and mechanical design must be com-
patible with low unit cost.
015 m0.3x0.20 2) Performance specifications must be established
Yo=1l8g @ g~ ms at levels consistent with high-yield factors.

3) Adequate funding and lead time must be made

The switching time available for the reset-set cycle ?sva'lable for hlgh—vo_lume production tooling.
0.05 ms; assuming the entire loop is traversed each cycle 4.) Tota! qua}ntlty of parFs to be produced must be
the effective value of can be conservatively taken equa?Oh.S'Stem. with high production rates over an extended
to 0.1Yp, and the energy will be on the order of 11 times ﬂpeenod of time. . .
hysteresis energy. Now 5) Data requirements must be minimal. .
Development effort on the dual-mode phase shifter
has continued at a moderate level over a period of roughly
Wy =2.09B 5 HA x10°J eight years. Although advances in materials technology
can always impact established designs, itis hard to imagine
whereA is the volume of switched rod in cubic inches. Thisajor breakthroughs that would significantly simplify the
expression has a factor of 2 incorporated in it to account &ectrical or mechanical design of the dual-mode phase
the yoke material, which is assumed to have hysteresis Isster. As currently conceived, the unit already has design
equal to that of the rod. In the typical case considerfghtures that are compatible with low unit cost. Electri-
previously, avalue %= 0.14 ir3is roughly correct, so that cally, the RF structure is simply a fully filled ceramic
waveguide, completely separated from the switching and

W =W, = 6050pJ. control circuitry. The functions of linear-to-circular
nonreciprocal polarizing and depolarizing, and of longitu-
Then forY=50ps dinal field switching, are accomplished by fitting elements

onto the ferrite rodutsidethe RF field region. These



external elements are also not mechanically complicatédplemented to allow fabrication, assembly, and testing
consisting mostly of quadrupole-field permanent magnetsmerations to proceed as rapidly as possible. Pilot-line
a coil with a small number of turns, and a yoke to provigeoof testing of the production setup will also need to be
an external magnetic return path. carried out. It is roughly estimated that a period of two
Fortunately, the performance requirements on elgears will be required to carry out these tasks, at a cost of
ments of a two-axis scanned phased-array antenna an@ind 1x16 dollars, for the phase shifter exclusive of
usually not severe with respect to phase accuracy. Thatlisyer electronics.
a considerable amount of random error can be accommo- The phrase “high-volume production” has been used
dated at the element level without serious degradationvathout any clear definition of its meaning. In carrying out
array performance in most practical cases. This allows ttwst estimates, a production rate of 1500 units/working day
performance specification for the individual phase shiftenas been assumed. This rate is well within the capacity of
to be set at levels that are attainable in a statistical seesisting production machinery and would require a labor
with high percentage yield in production. Suggestddrce of only around 20 direct workers for assembly and
values for a lightweight X-band phase-shifter array eleest. This rate is judged to be a good compromise level; at

ment are: much lower rates, the expense of tooling would not be
Frequency Band 10 percent
Insertion Loss 1.0 dB average, 1.2 dB maximum limit over 80 percent
of phase states, 1.5 dB absolute maximum
VSWR 1.2:1 typical, 1.5:1 maximum
Phase-Shift Range 500° nominal
Phase Set Deviation +5° median deviation, £10° limit over 80 percent of
From command angle phase states, +20° absolute maximum
Switching Time (Set to Set) 50 ps nominal cycle time
Weight 1.0 0z. nominal

With performance requirements at these levels, it is antigistified because of significant overcapacity, and the unit
pated that a yield of at least 95 percent would be achiewes$t would therefore rise appreciably. Moderately higher
in high-volume production. rates of production would most likely be achieved by
A significant amount of manufacturing engineeringuplication of facilities, with minimal savings of unit cost.
and production tooling will be necessary to achieve ti#¢ the assumed production rate, a run of nearly three years
goal of low unit cost. The end result of this effort would b&ould be required to amortize the nonrecurring manufac-
to have in place the machinery, fixtures, and special diesing engineering, production tooling, and start-up costs
and tools needed for high-volume production. For eat a level of $1.00/unit. Assuming that the phase shifters
ample, extrusions may be developed for polarizer magmeaiuld be incorporated into an array containing 2000 ele-
parts and possibly also for the ferrite rod itself. Modificanents, a quantity of only 500 antennas would be sufficient
tions to production machinery, holding fixtures, and rde justify a program at the level postulated. Using the
lated tooling hardware will need to be developed amstimated figures of Table I, the cost of phase shifters for

TABLE |
ESTIMATED PRODUCTION COST — X-BAND DUAL-MODE PHASE SHIFTERS

tem Cost
Ferrite rod, centerless ground $2.60
Magnetic yoke parts 2.08
Magnetic polarizers 0.74
Ceramic impedance matching transformers 1.56
Miscellaneous materials (bushings, wire, epoxy, etc.) 0.43
Assembly labor 3.40
Test labor 0.17
Tota $10.98




each antenna would be around 2.4kd0llars, including plored analytically and found to predict an optimum choice
tooling amortization. While this is a substantial sum, it & material for low RF power applications. Parameters
not likely to be the driving parameter in some system lewadfecting switching and, in particular, shorted-turn damp-
decisions regarding the use of an electronically steerabig, have beenidentified and expressed in normalized form
phased-array antenna. for convenience. Finally, the manufacturing problem has
The cost estimate figures shown in Table | are baseelen worked in far greater detail than the scope of this
on current judgments regarding the labor and materiglaper allows, to the conclusion that lightweight X-band
required to produce an existing phase-shifter design at htase shifter can be produced at high-volume rates for unit
volume. These figures indicate the distribution of cost andsts on the order of $10.00.
include attrition, burden, and profit. The attrition rates
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