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in the conductors. As nearly all microwave semicon-
ductor devices in operation today are of either silicon or
gallium arsenide, the ability to interconnect these de-
vices and perform transmission-line functions in an
efficient manner should enable many system advances
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heretofore limited due to size, cost, or weight of the
microwave components.
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A Digital Latching Ferrite Strip Transmission
Line Phase Shifter

L. R. WHICKER, MEMBER, IEEE, AND R. R. JONES, MEMBER, IEEE

Abstract—This paper is concerned with the development of a new
type of latching phase shifter which combines submicrosecond
switching with a compact strip transmission line structure. Digital
increments of nonreciprocal phase shift are obtained by “latching”
or switching the magnetization of appropriate square loop garnet or
ferrite materials from one remanent state to another. The following
data have been obtained for a four-bit, C-band model utilizing
yttrium iron garnet (4=M,=1600 G):

Center Frequency—>5.45 Gc/s

Phase Deviation—< + 3 percent over an 8 percent frequency band
Insertion Loss—<0.9 dB

VSWR—<1.50

Switching Time-— <0.3us with a 130 V, 13 amp pulse

Switching Energy— <200 uJ for 180° bit

Length— <6 inches.

Manuscript received May 6, 1965; revised July 30, 1965.
The authors are with the Westinghouse Defense and Space Cen-
ter, Surface Division, Baltimore, Md.
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INTRODUCTION

ECENT EFFORT has been extended toward the

R development of digital latching waveguide phase

shifters and the associated driver circuitry [1]-

[4]. This paper is concerned with the development of a

somewhat different type of phase shifter which utilizes

the properties of square loop magnetic toroids placed
in a strip transmission line geometry.

Before the development of the new phase shifter is
described, the basic principles involved need to be re-
viewed. This will be accomplished by considering, first,
the nature of present waveguide latching ferrite shift-
ers. A discussion of the evolution of nonreciprocal
TEM mode components follows; finally, the present
effort is described.
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WAVEGUIDE LATCHING FERRITE PHASE SHIFTERS

Most past solid-state, nonreciprocal phase shifters
have utilized flat slabs of ferrite material with a biasing
direct current magnetic field. For switching, an electro-
magnet was necessitated with correspondingly slow
switching speeds. The development of digital latching
phase shifters has eliminated the need for holding fields
and has made possible submicrosecond switching speeds
[2], [5]. In these designs, ferrimagnetic toroids of
various lengths are placed in a waveguide as shown in
Fig. 1. Matching transformers and dielectric separators
are included as shown while direct current paths are
provided through each element. When narrow, full
waveguide height toroids are used, this configuration
simulates a twin slab, nonreciprocal phase shifter de-
sign [2].

Digital increments of phase shift are obtained by
switching the magnetization of the component toroids
between remanent states. This is accomplished by pass-
ing either positive or negative current pulses through
the individual toroids. The characteristics of a typical
waveguide phase shifter will be compared later to those
exhibited by the new design.

PreSENT TEM MoDE NONRECIPROCAL DEVICES
Coaxial Devices

A TEM wave propagating in a coaxial structure does
not exhibit a plane of circular polarization and cannot
be utilized directly to obtain nonreciprocal action. Seidel
and Button [6], [7] have pointed out, however, that
such a line may be antisymmetrically loaded, as shown
in Fig. 2, to obtain a radial electric field having a 8 de-
pendence. The necessary criteria for obtaining a plane
of circular polarization is realized as a longitudinal com-
ponent of magnetic field Hz is obtained (H; « dE,/d0 by
solution of Maxwell’s equations).

As the maximum electric field gradient occurs at the
dielectric interface, nonreciprocal devices have been
developed by placing rods or slabs of magnetically bi-
ased ferrite materials at the interface [7]-[9]. A set of
approximate requirements for designing such devices
has been set forth by Button [7]. Some of his key
points, which relate to present considerations, are as
follows:

1) Sufficiently large coax diameter must be used as
the TEM mode must be modified to become a TE
like mode exhibiting a cutoff condition.

2) The dielectric loading material must have a large
e. to obtain a large gradient at the interface be-
tween the two media.

3) A relatively small dielectric loading factor must
be used to avoid excessive concentration of the
microwave energy within the dielectric.
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Fig. 3. Past designs of nonreciprocal TEM mode devices. (a) Typ-
ical design of stripline phase shifter with dielectric loading.
(b) Reported design of stripline isolator without dielectric load-
11r19g61 ()After D. B. Swartz, Proc. IRE, vol. 49, p. 366, January

Strip Transmission Line Isolators and Phase Shifters

Nonreciprocal strip transmission devices have fol-
lowed the coaxial developments. Koop, et al. [10] and
Arams, et al. [11] have reported similar strip transmis-
sion phase shifters operating at L-band and UHF fre-
quencies, respectively. Another device, an isolator, has
been reported [12] in which the ferrite also serves as
the dielectric loading media. Sketches of such configura-
tions are given in Fig. 3.
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Fig. 5. Measured phase-shift data for one toroid configuration.
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EXPERIMENTAL INVESTIGATION

The purpose of the work reported here has been to
determine the feasibility of combining the desirable
characteristics of a latching ferrite device and the com-
pactness of a strip transmission line geometry. The basic
problem has been to satis{y the requirements for non-
reciprocal action while maintaining a closed path for
the magnetic circuit. Configurations which have been
explored are depicted in Fig. 4. These arrangements
have utilized 70-ohm air dielectric lines of 0.500 inch
ground plane spacing at C-band frequencies.

The One Toroid Model

The configurations of Fig. 4(a) and (b) are nearly
identical except for the inclusion of dielectric material
in the second case. In either design, a single toroid is
used to simulate twin slab arrangements illustrated in
Fig. 3. The arm of the toroid nearest the center conduc-
tor interacts strongly with the microwave energy. The
distance across the toroid is sufficiently large that the
microwave energy interaction with the distant arm is
small. The remaining arms complete the magnetic path
and provide dielectric loading.

It has been found that the first design largely satisfies
the requirements for nonreciprocal action. The incor-
poration of additional dielectric does not improve the
performance significantly. The toroid geometry has
been investigated for two materials, a ferrite having a
47 M of 1700 G and an yttrium iron garnet with a
47 M, of 1600 G. The resulting phase-shift data for the
two materials are shown in Fig, 5. In excess of 100° of
phase shift per inch is obtained for both materials.

A plot of the figure of merit (degrees phase shift/dB
loss) vs. frequency for the garnet toroid design is given
in Fig. 6. At frequencies below 5.7 Gc/s, a figure of merit
in excess of 500 is obtained which compares favorably
with waveguide designs.

The Two Toroid Configurations

The configuration depicted in Fig. 4(c) has been in-
vestigated also. For this arrangement, considerably less
phase shift is obtained. In addition, it is found that the
amount of differential phase shift is dependent on the
dielectric constant of the material used for loading the
toroids.

DESIGN OF PHASE SHIFTER

A four-bit C-band phase shifter has been designed
using the basic configuration depicted in Fig. 5. In this
design garnet toroids, whose lengths are adjusted to give
nominal values of differential phase shift of 180, 90, 45
and 22.5 degrees when positioned as shown in the figure,
are cascaded in series. As in previous waveguide de-
signs, dielectric separators having a dielectric constant
equal to that of the garnet toroids (e,=16) are placed
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between adjacent elements [2]. These separators serve
to support the latching conductors for each element,
maintain an electrical match, and prevent harmful de-
magnetizing effects when switching adjacent elements.
Separator lengths of 0.090 inch have been used. A
photograph of the partially assembled phase shifter
showing some of the design features is shown in Fig. 7,
along with a corresponding waveguide model.

As shown, dielectric matching transformers are in-
cluded at either end of the series of elements. Simple
quarter wavelength toroidal transformers having a di-
electric constant e, equal to 4 have been used. The poly-
styrene supports shown in the figure serve only to posi-
tion the material toroids against the center strip.

A summary of the experimental data which has been
obtained for the model is given in Table I, along with
corresponding data for a present waveguide design. As
indicated in the table, a 43 percent deviation in differ-
ential phase shift is obtained for each bit across the
5.25-5.65 Gc/s frequency band. The frequency depen-
dence for each bit is in agreement with the data listed in
Fig. 5. The indicated switching speeds are determined
primarily by the electronic driver used in switching the

Fig. 7. Photograph of developed strip transmission line phase

shifter and similar waveguide device.

TABLE 1

CHARACTERISTICS OF TYPICAL WAVEGUIDE AND STRIP
TRANSMISSION LINE PHASE SHIFTERS

Strip Transmission Line

Typical Waveguide
Phase Shifter

Item Phase Shifter

5.25--5.65 Ge/s

5.40—35.90 Ge/s
+ 3 percent over band

+ 3 percent over
band

<300 uJ for 180° bit

<0.3 us with 130 V

Frequency Band
Phase Deviation

<200 wJ for 180° bit

Switching Energy
<0.3 ps with 130 V

Switching Speed

Insertion Loss <0.9 dB apgéoximately 0.8
VSWR <1.50 <1.50
Length <6 inches 8 to 12 inches
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individual elements. For increased switching speeds,
the switching energy would be increased.

Even though the characteristics of the new device
compare favorably with its waveguide counterpart,
further optimization in ground plane spacing and to-
roidal geometry would probably result in greater band-
width, increased figure of merit, and increased material
activity. Additional compactness in the design can be
obtained by eliminating the dielectric separators be-
tween toroidal elements. This could be accomplished by
using a partial switching technique reported by the
authors in an earlier publication [4].

CONCLUSIONS

The characteristics of the device as described in this
paper offer advantages over waveguide designs. These
include reduced switching energy requirements, com-
pact form factor, and systems compatibility. In particu-
lar, this design is suited for phased array applications
where printed circuit techniques may be employed. Feed
problems associated with waveguide arrays are largely
eliminated. The new device may prove to be of even
greater value at lower frequency bands.
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