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A Slow Wave Digital Ferrite Strip Transmission
Line Phase Shifter

R. R. JONES, MEMBER, IEEE

Absfracf—This paper is concerned with the development of a
nonreciprocal, digital, slow wave phase shifter which combines sub-

microsecond switching times with a compact strip transmission line
structure. After a qualitative explanation of the operation of the phase
shifter is given, an analysis of the dispersion characteristics of the
meander line is presented. Impedance matching techniques are
discussed rdong with the experimental results. Various design

parameters, which affect the device performance, are examined.

I. INTRODUCTION

D

URI ATG the past several years, microwave device

development has been oriented toward the gen-

eration of compact, lightweight, rapid switching

components. Devices which utilize the toroidal or closed

loop ferromagnetic structures have proved valuable in

numerous phased array applications.

Recently, several coaxial or TENI phase shifters have

been developed. One such device is the helical slow

wave ferrite phase shifter, operating at S-band fre-

quencies [I]. In this device,l the slow wave line or the

helix is external to the ferrite cylinder. This aspect of

the helic slow wave phase shifter design leaves some-

thing to be desired from the size and manufacturing

standpoint.

The nonreciprocal, C-band, slow wave phase shifter

described in this paper combines the rapid switching

speeds offered by latching devices and the miniaturizing

features offered by a strip transmission line structure.

In this design, the slow wave circuit is contained en-

tirely within the bore of a rectangular toroid.

II. DESCRIPTION OF THE DEVICE

The phase-shifter design employs a slow wave or tape

structure designated in this paper as a meander line. a

(See Fig. 1.) The meander line is etched, using strip

transmission line printed circuit techniques, on both

sides of an 0.018 inch copperclad teflon slab. The

meander line may be considered an array of tapes of

finite length, a. The tape array is surrounded by a ferrite

toroid, as seen in Fig. 2. The long arms of the toroid are

greater than the tape length a such that the ferrite ex-

tends beyond the ends of the tape or meander line.

Manuscript received May 31, 1966; revised September 9, 1966.
The author is with Western Microwave Laboratories, Inc., Santa

Clara, Calif.
1 Strictly speaking, the helical mode phase shifter is not TEM;

however, since the input and output are TEM, the device maybe so
classified.

t The term ‘(meander line” is used in a broad sense; i.e., because
it resembles the meander line which is commonly used in TWT and
filter applications.
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Fig. 1. The meander line circuit.
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Fig. 2. Nonreciprocal “slow wave” element.

To the RF fields propagating along the finite tape

length, the ferrite toroid arms (in y-direction) should

appear to be infinite [2]. The toroid is bounded by two

copper ground planes.

The meander line is connected to a 50f2 strip trans-

mission line via quarter wave transformers.

A latching wire 0.02 inches in diameter is passed

down the bore of the ferrite, as far away from the

meander line as possible. Since the wire is quite small

and distant from the slow wave circuit, negligible coup-

ling of the RF signal is experienced,

III. THEORY OF OPERATION

A. Principle of Operation

In order to understand the operation of this device,

it is necessary to determine, at least qualitatively, the

RF field configuration and the manner in which the

fields interact with the magnetic moments of the ferro-

magnetic material.

The meander line is a planar circuit generated by wind-

ing a single conductor in a pattern shown in Fig. 1. An

analysis of the boundary value problem associated with

the meander line indicates that the field components,



JONES: FERRITE STRIP TRANSfvllSSION LINE PHASE SHIFTER 685

which are assumed to be periodic in the plane of the

tapes, decay at an exponential rate moving away from

the tape surface. The magnetic field variations in the

vicinity of the tapes may be expressed by

h x e–-@e*~Z, (1)

Assuming the propagating modes are nearly TEM, and

utilizing (1) together with the divergence equation, the

following relationship has been derived [3]

L.=*+. (2)

Thus the magnetic field components in the region of the

meander line are elliptically polarized. The sense of

polarization is reversed on opposite sides of the line and

for a wave propagating in the negative z direction. It

would appear that this TEM slow wave circuit possesses

the polarization characteristics necessary to design a

nonreciprocal device.

For the slow wave helical phase shifter, it was deter-

mined that if the circumferential distance per helix turn

is an odd multiple of quarter wavelengths, the RF mag-

netic fields from adjacent turns woulci be orthogonal in

time phase at two points along the axis of symmetry of

adjacent helix turns [1]. For the meander line slow

wave phase shifter it is not possible to achieve phase

quadrature along the entire length (a) of the conductors,

as with the helix phase shifter. However, circular polar-

ization may be achieved at discrete points along the

structure, provided the conductor length a is equal to or

greater than a quarter wavelength. In this design, the

conductor length is nearly a quarter wavelength. The

approximate field configuration of the meander line

phase shifter is depicted in Fig. 3.

It can be observed by referring to Fig. 4 that the oper-

ation of the slow-wave meander line phase shifter is

analogous to that of the twin slab wave guide phase

shifter. In both phase shifters, the direction of magnet-

ization in the two slabs must be in the opposite direc-

tion, in order that the sense of circular polarization or

the permeability be the same. The state of permeability

is altered and a differential phase shift. is obtained either

by reversing the direction of propagation of the RF

signal or the state of magnetization of the ferromagnetic.

B. Meander Line Parameters Affecting Dispe~sion of the

Device

For phase shifter applications an important consider-

ation is the variation in differential phase shift as a func-

tion of frequency. The change in absolute phase or elec-

trical length with frequency of the slow wave circuit

known as dispersion, may be represented by an co+?

(frequency-propagation constant) diagram. A typical

@l diagram or dispersion curve of a meander line, as-

suming zero tape thickness and ground planes at infin-

ity, is shown in Fig. 5. The amount of dispersion is de-

pendent on the mutual coupling between adjacent tape

I
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Fig. 3. RF field components in ferrite slow wave structure
(side view).

LCP RCP

/

m ! E B 3

(A) SLOW WAVE STRIP

TRANSMISSION LINE (B] TWIN SLAB WAVEGUIDE

Fig. 4. Nonreciprocal phase shifters.
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Fig. 5. Meander line dispersion curves for several values of the
parameters s/D with ground planes at infinity (after Cro-
mack [3]).

elements. lVhen the ratio

S (gap spacing)
—.

D (tape width + gap spacing)

approaches one, the tapes are far apart and the I@itiVe

intertape coupling approaches zero. At the other limit

when S/D approaches zero, the circuit propagates only

at frequencies for which the gap length is a quarter

wavelength. For intermediate tape widths, such as used

in the present design, the dispersion curve will exist be-

tween these limits.
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Regardless of the dispersion, i.e., the manner in which

the absolute phase lengths of each latched state varies

with frequency, it is necessary to design the device such

that the change in differential phase shift over the fre-

quency band is as small as possible.

The presence of ground planes will have a negligible

effect on the dispersion characteristics of the phase

shifter, if the ground plane spacing A is much larger

than the tape spacing D. If the ground planes are

brought closer to the meander line, some of the field

lines will terminate on the ground planes, altering the

field configuration and also the dispersion curve for one

or both latched states. As the separation between the

ground planes and the meander line approaches inter-

tape spacing, i.e., as A/D approaches one, the tape

coupling becomes negligible and the dispersion curve

approximates that of an open strip transmission line.

Since the RF fields decay at a variable rate depending

on the value of the propagation constant, proper dielec-

tric loading can also be used to alter the dispersion

curve. If the meander line is completely imbedded in a

uniform dielectric material, the dispersion curve will

have the same form or shape as the unloaded slow wave

line. If, however, the dielectric thickness is finite or

small compared to the ground plane spacing A, the shape

of the dispersion curve can be favorably altered for one

or both latched states by strategic placement of dielec-

tric. Therefore, proper adjustment of the meander line

width (w), line separation (s), ground plane spacing (A),

and effective dielectric loading (ferrite plus additional

dielectric), can be important considerations in obtaining

a maximally flat phase shift-frequency curve.

IV. DESIGN PARAMETERS AND

EXPERIMENTAL RESULTS

A. General

In this section the meander line and associated

matching structure design are described. Also, experi-

mental results which include such characteristics as

differential phase shift, bandwidth, VSIVR, and inser-

tion loss, are given.

B. Design of Meander Line and Associated Matching

Structure

The meander line circuit is etched, using a carefully

aligned image and mirror image, from a copperclad

0.018 inch teflon slab. The dimensions of the meander

line are as follows:

s =gap spacing = 0.010 inch

w = tape width= 0.030 inch

a = tape length= 0.200 inch

A = ground plane spacing= 0.250 inch.

Upon selecting the dimensions of the meander line-fer-

rite (TT1-105) loaded structure, the impedance of the

assembly is determined. In order to calculate the imped-

ance of the device, the meander line is assumed to con-

sist of a finite array of parallel conductors between

ground planes. The meander line must be sufficiently

K
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Fig. 6, Coupling factors (after Bolljahn and Matthaei [4]).
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Fig, 7. Slow wave element with x/4 transformer (top view).

long that a uniformly propagating RF wave may be

established. The approach used to determine the imped-

ance is first to find the propagation constant of the

structure. This is accomplished by distributing an array

of current generators along the structure (one for each

conductor) and letting the source of the successive gen-

erators differ by e–i+ and finding the value of + which

causes the driving point voltages to go to zero [4]. By

interrelating VOI tages and currents according to the

boundary conditions, the derived equations can be

solved for the input impedance. The input impedance

has been shown to be [4]

(—KIa + K14 + K1r) – KM
+

I – 2K12 + ZK14 – K16 )1(3) -

for

@ = 90°

where

20= characteristic impedance of a given con-

ductor in the presence of all other con-

ductors with their ends open circuited

KH., K18, etc. = voltage coupling factors.

Using (3) along with Fig. 6, it is possible to determine

the approximate input impedance of the slow wave

structure. The impedance of the structure is determined
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Fig. 8. Differential phase shift per inch vs. frequency for slow-
wave phase shifter.
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Fig. 9. VSWR vs. frequency for ferrite loaded line.
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Fig. 10. Insertion loss vs. frequency fcr 1$0 degree bit.

to be 35 ohms. Since the line impedance is 50 ohms, from

the relationship

(4)

where

Z,= transformer impedance (X/4)

ZI = line impedance (50 ohms)

Z,= ferrite slow wave impedance (35 ohms).

it is observed that the quarter wave transformer has to

have an impedance of 42 ohms. The quarter wave trans-

former width needed to match the 50 ohm line (0.2

inches wide) to the 35 ohm slow wave-ferrite structure

is determined to be 0.265 inches. Considering 5.2 GHz

as the center frequency, the quarter wave transformer

length is 0.40 inches. See Fig. 7 for quarter wave trans-

former design.

b4 TRANSFORMER

FERRITE ELEMENTS _ \

Fig. 11. Typical multibit phase shifter design.

C. Experimental Results

The slow wave phase shifter, which has been de-

veloped using the TTI - 105 ferrite, exhibits between 145

and 170 degrees per inch of differential phase shift over

a 5.0 to 5.4 GHz frequency range. The phase deviation

with frequency for this slow wave phase shifter is ~ 10

percent over this 8 percent bandwidth (See Fig. 8).

Frequency swept VSIVR measurements for a single

bit element reveal less than 1..5:1 over a 5.0 to 5.7 GHz

frequency band as shown in Fig. 9.

Insertion loss values of less than 2.0 d13 are obtained

for a 180 degree section as shown in Fig. 10. The inser-

tion loss of the device recorded to date is nc~t typical in

that it probably does not represent an optimized device.

Techniques for reducing the insertion Ioi$s are enumera-

ted in the next section.

The characteristics of the experimental 180 degree

phase shifter model are:

Center frequency 5.2 GHz

Phase deviation < i 10 percent over 8 per-

cent frequency band

VSVVR <1.5:1

Switching time <o.3@

Switching energy/puIse <100 pJ

Insertion loss <2.0 dB

Dimensions 2. OX1.OXO.25 inches (ex-

cluding connectors).

V. DISCUSSION

The phase deviation of each latched state is a differ-

ent function of frequency for this device. This is inferred

from the slope of the differential phase shift VS, fre-

quency curve of Fig. 8. In order to obtain the maximum

flatness of phase shift with frequency, some adjustment

of the ground plane separation A, the tape width W, or

the tape spacing s, will be necessary. It is possible that

some dielectric loading in addition to that clf the ferrite

may be required to effect a minimum phase deviation

with frequency.

The majority of the losses of the meander line-ferrite

structure are believed to be copper and magnetic losses

With carefully controlled etching and polishing to lelim-

inate minor circuit imperfections, it is exlpected that the

copper losses, which are thought to be the larger c]f the
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two, can be significantly reduced. Even such techniques

as depositing the slow wave line directly on the ferrite

may be useful. However, techniques for reducing the

magnetic losses are not as obvious.

A typical multibit meander line phase shifter design

is depicted in Fig. 11.

VI. CONCLUSIONS

The characteristics of the device described offer signi-

ficant advantages over conventional phase shifters.

These advantages include low switching energy and

compact size. In particular, this design is suited for

phased array applications where printed circuit tech-

niques may be employed. The device may prove even

more valuable at lower frequencies (L and S band).
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A Miniaturized C.Band Digital Latching

Phase Shifter

J. K, PARKS, B. R. SAVAGE, MEMBER, IEEE,

AND J. BROWN, JR.,

Abstract—This paper describes a digital-latching phase shifter

which combines the electrical advantages of waveguide design with

the compactness of a strip transmission-line structure. Two multi-

bit, nonreciprocal, C-band models are described, which combine

the electronic drivers and the microwave structure in an 0.8 by 0.8

inch cross section designed specifically for half-wavelength stacking

in an antenna array.

A new technique of antisymmetric dielectric loading to convert

microwave energy from a TEM mode in stripline transmission to a

TE-type mode propagating in a dielectrically loaded rectangular wave-

guide is presented.

Data for a one-bit model are presented along with an investiga-

tion into an optimum material choice. Temperature stability and

peak power capability are also discussed.

The performance of two muftibit models are presented, including

VSWR, insertion loss, and average power characteristics of the final

microwave structures. Temperature variation of phase shift and peak

power performance of these devices are also presented.

Particular attention is given the electronic drivers for the multi-

bit models which must latch the toroids into their remanent states.

The driver circuit is designed to permit switching of each bit be-

tween states with a single wire trigger.

Finally, the advantages of this design over previous miniaturized

models are summarized, and further investigations into other fea-

tures for greater optimization are suggested.

Manuscript received May 31, 1966; revised August 8, 1966.
The authors are with the Sperry Microwave Electronics Com-

pany, Sperry Rand Corporation, Clearwater, Fla.
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INTRODUCTION

~ N A PHASED array antenna system, beam steering

1 capability is enhanced by locating the radiating

elements on half-wavelength (Xo/2) centers. If the

phase shifters themselves are used as the radiating ele-

ments or positioned near the antenna, the cross section

of the phase shifters must meet this critical stacking re-

quirement. For instance at 5650 hIHz, if maximum

beam steering capability is desired, the phasors must be

located approximately on one-inch centers.

Recent developments in rectangular waveguide digi-

tal phase shifters have been directed primarily toward

achieving good electrical performance or half-wave-

length stacking in one plane only with miniaturization

as a secondary objective [1]. Although these devices

represent marked advances over previous ferrite phase

shifters which required an external field, only limited

effort has been concentrated on designing digital com-

ponents to meet critical antenna space requirements,

and to operate under typical environmental conditions.

TENI PHASE SHIFTERS

In the past, efforts to miniaturize digital ferrite phase

shifters have centered chiefly on strip transmission line


