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ABSTRACT

X-BAND HIGH POWER FERRITE PHASE SHIFTERS

Altan, Hakkiilhan
M.S., Department of Electrical and Electronics Eegring
Supervisor: Assoc. Prof. Dr. Ozlem Aydin Civi

Co-Supervisor: Assoc. Prof. D§imsek Demir

September 2010, 130 pages

Ferrite phase shifters are key components of paggiased array antenna systems.
In a modern radar system, microwave componentsenransmit path should handle
high microwave power levels. Also low loss openatin phase shifters is critical,
since radar range depends on the microwave poamsritted from the antennas. In
this respect, ferrite phase shifters provide remliperformance characteristics for
phased array radar systems. In this thesis, R&ugaicer type and twin-toroid type
ferrite phase shifters operating at X-Band are giexd, simulated, fabricated and
measured. Measurements of the fabricated ferrigselshifters are compared with

simulation results. Electromagnetic simulations@@dormed using CST.

Keywords: Ferrite Phase Shifter, X-Band, Reggiarspg Twin-Toroid
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X-BANT YUKSEK GUCLU FERIT FAZ KAYDIRICILAR

Altan, Hakkiilhan
Yuksek Lisans, Elektrik ve Elektronik Mihend&IBolumu
Tez Yoneticisi: Dog. Dr. Ozlem Aydin Civi
Yardimci Tez Yoneticisi: Do¢. D&imsek Demir

Eylul 2010, 130 sayfa

Ferit faz kaydiricilar pasif faz dizili anten sisterinde kullanilan en 6nemli
yapilardan bir tanesidir. Modern radar sistemlegirgbnderme hattinda bulunan
elemanlarin yiksek mikrodalga guc seviyelerine dapdmeleri gerekmektedir.
Ayrica radar mesafesi antenden gonderilen mikr@dalgce bgli oldugundan faz
kaydiricilarin dgtk kayiplarla caimalari 6nemlidir. Bu konuda ferit faz kaydiricilar
faz dizili radar sistemleri icin gerekli olan pemieans karakteristiklerini
sglamaktadir. Bu tezde, X-Bant'ta ¢gdn Reggia-Spencer tipi ve ikiz-toroid tipi
ferit faz kaydiricilarin tasarimlari, benzetimleiiretimi ve olgimleri anlatilngtir.
Gerceklenen ferit faz kaydiricilardan alinan olgéimlbenzetim sonuclariyla

kiyaslanmgtir. Elektromanyetik benzetimler CST kullanilarakpyimstir.

Anahtar Kelimeler: Ferit Faz Kaydirici, X-Bant, Rg@rSpencerikiz-Toroid
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CHAPTER 1

INTRODUCTION

Phase shifters are microwave devices capable efirajtthe insertion phase of the
electromagnetic signals. Although phased arrayrradgenna systems are the main
application area of phase shifters, they are at®m un microwave instrumentation

and measurement systems, and industrial applicafign

Modern phase array systems may require thousangeasie shifters which require
controlling the phase accurately for low sidelobed low steering errors. Depending
on the system requirements, phase shifters canulijected to power levels from

mW to the MW range. Phase shifters can be categbiiz three main categories in
terms of the main material used to alter the ins@nphase, namely semiconductor

phase shifters, ferroelectric phase shifters anddghase shifters.

Ferrite phase shifters are a special class of pfafters capable of handling high RF
power levels. Ferrite phase shifters can be opgrten RF to millimeter-wave
frequencies with low insertion losses. They havenbagsed in phased array systems
since 1950s especially in the applications whegh power handling and high

reliability is needed.

In this thesis design, simulation, fabrication ameasurements of the reciprocal type
Reggia-Spencer ferrite phase shifter and nonrecghtype twin-toroid ferrite phase

shifter are presented.



1.1 Literature Review of Ferrite Phase Shifters

Modern ferrite materials first appeared toward e¢hel of World War Il in the work
of Snoek and co-workers [2-4]. This work focused realizing high frequency

transformer cores having high permeability withedtly current losses.

In 1948 the terms “ferrimagnetism” and “ferritef'di appeared in technical literature
when Neel [5] explained magnetic properties of ¢hemgnetic materials. In 1949,
Polder [6] made the description of ferrites in teraf tensor susceptibility and this
model has been the basis for analyzing the respohskerrites to microwave

excitation.

Prior to the advent of electronically variable pdhakifters, mechanical phase shifters
are used. Rotary vane phase changer first progms€dx in 1947 [7] and the helical
line phase changer reported by Stark in 1957 [8]eamples of mechanical phase

shifters.

Scharfman [9] described three variation of a lamdjitally magnetized ferrite used as
a phase shifter in waveguide. In 1956, Angleakod Korman [10] found that
radiation lobe could be shifted by the applicatodra DC field on ferrite below that

required for ferromagnetic resonance.

Reggia and Spencer [11] first reported a pracfmaite phase shifter to be used in a
phased array antenna in 1957. This reciprocal deiccalled the Reggia-Spencer
phase shifter and must be driven continuously.téhiag version was described later
[12].

In 1958, Clavin [13] investigated ferrite slabs mtad against the sidewalls of
rectangular waveguide. Truehaft and Silber [14dtfproposed internal toroids for
nonreciprocal waveguide phasers to eliminate eatemagnetic circuits. This
approach provided latching operation and greatiyiced switching time and power.
The twin-toroid phase shifter overcame higher ordede propagation problems in

single-toroid structure by avoiding switching wirtes couple high RF fields [15].
2



Also weight and dimensions of the phase shiftegresatly reduced by forming the

waveguide structure with the metallization of txenttoroid structure. Throughout

the 1960s and 1970s, fast switching, digital, lstgHerrite phase shifters had been
one of the primary objects of ferrite device depet@nt [16].

In 1970s dual mode phase shifter reported by Baoy \&hicker [17, 18] replaced
the Reggia-Spencer phase shifter as a recipro@aepshifting unit. Because of its
small physical size and low production cost, dualde phase shifters are used both
in single and two axis scanning phased arrays rigjelguantities. Also dual-mode
ferrite phase shifters provided lowest insertiossks at millimeter-wave frequencies
[1]. In 1972, Hord, Rosenbaum and Benet [19] regmbthe Faraday rotation type

ferrite phase shifter.

In 1972, Boyd and Klein [20] reported the rotargldi ferrite phase shifter having
reciprocal and accurate phase shifting charadesigPhysical size of the structure
restrained its use only in single-axis scanningtesys. Low insertion loss and
modulo 360° phase shifting characteristics arepga&yormance parameters of rotary
field ferrite phase shifters. The latching versadrthis type of ferrite phase shifter is
described in 1995 [21].

Microstrip meander line phase shifters [22, 23]vited phase control in small
dimensions as compared to waveguide type ferrigesetshifters. However power
handling of planar ferrite devices is much smatlem that for waveguide devices.
Recently main effort is made to obtain low loss avideband planar microwave
ferrite devices by combining high temperature scqeducting ceramics with ferrite
materials [24]. A differential phase shift in exsesf 200° with an insertion loss

generally below 2 dB from 6 to 12 GHz was repotigdionne [25].



1.2 Outline of the Thesis

In Chapter 2, general properties of ferrite phdstess are described. Classification
of ferrite phase shifters in terms of electricalgerties is presented and performance
characteristics are given in detail. Several imgoartypes of ferrite phase shifters are

explained.

In Chapter 3, design and fabrication processeshefreciprocal Reggia-Spencer
ferrite phase shifter at X-Band is presented. Mesment results of the fabricated

structures is given and compared with the EM Sitararesults.

In Chapter 4, analytical and numerical analysisaof-toroid ferrite phase shifter is
discussed. EM simulations models for twin-slab getyn are developed by
comparing the results with analytical solutionsegivin [26]. These models are
extended for twin-toroid structure and results bé tmodel are compared with

measurement results of a practical twin-toroid phetsfter at X-Band [27].

In Chapter 5, design of an X-Band Twin-Toroid fexrphase shifter is presented by
using the simulation models developed in ChapteMdasurement results of the
deigned twin-toroid ferrite phase shifter are pntsé and these results are compared
with the EM simulation results. Some practical iom@ments in the design are

investigated.

Finally, conclusions about the design and fabrcatf Reggia-Spencer type and

twin-toroid type ferrite phase shifters are summediin Chapter 6.

In the Appendix A, important microwave and DC cludeastics of ferrite materials

are explained and their effect on phase shiftdiopaance is discussed.



CHAPTER 2

FUNDAMENTALS OF FERRITE PHASE SHIFTERS

The basis of operation of ferrite phase shiftersthis interaction between the
electromagnetic waves and spinning electrons in agnetized ferrite. In a
magnetized ferrite, the magnetic moment of therspmelectron precesses about the
applied DC magnetic fielthpc, and the precession frequency is proportionahéo t
magnitude ofHpc. The permeability of the ferrite takes the formaotensor, the
elements of which are a function &fpc. The propagation constant which is
dependent on the permeability of the ferrite materinanges aldpcis changed. As a
consequence of the change of propagation conddfdérent insertion phases are
obtained by changing the magnitude and directiadgf[1].

In this Chapter, general characteristics of fergtease shifters are described and

several important ferrite phase shifter types apagned in detail.

2.1 Basic Definitions

Phase shifters a one or two port microwave device capableltefiag the insertion

phase of the signal passing through litsertion phase¢ is the phase delay
experienced by the signal between input and oudpts of the device. In Figure 2.1
schematic representation of a two port phase shiteiven. ¢ and ¢, are the

insertion phases for state 1 and state 2 respéctive
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Figure 2.1 A two port phase shifter device showintyvo insertion phase states

Differential phase shiffDPS) is defined as the difference between irmenhases

of two different phase states of the phase shafteris given by

Ap=qg-¢ (2.1)

Electrically longest or shortest state is choseheadhereference phase statehich

corresponds to the zero DPS state.

Ideally, phase shifters change only the insertioase of the signal and it is perfectly
matched at its two ports. Then the scattering mdtn a two port phase shifter is

represented as

0 e ie
[Sldeal] = |:e_j¢ 0 :| (2.2)

It is seen in (2.2) that insertion phase of theickeis the same for two directions of

propagation. This device is calledexiprocal phase shiftRPS).



In practice all phase shifters have some lossedraydare not perfectly matched at
its input and output ports. Then the scatteringrin@br a non-ideal phase shifter is

represented as

Sy |su|e‘"”}
S|= .

Also insertion phase or insertion loss for two dilens of propagation can be
different for nonreciprocal phase shifters. Somaes$yof ferrite phase shifters and
active phase shifters are nonreciprocal. The soajtenatrix for a non-ideal and

nonreciprocal phase shiftdNRPS) is represented as

| os. [sue™
[S] - Lsﬂ|e—j¢z S, } (2.4)

2.2 Classification of Ferrite Phase Shifters

Many different types of ferrite phase shifters haeen developed since the invent of
the first practical ferrite phase shifter in 195Ythis section, classification of ferrite

phase shifters in terms of the electrical chargsttes is presented.

2.2.1 Classification in terms of Transmission Medium

Since ferrite phase shifters are used mainly irh lpgwer applications, the main
transmission medium for ferrite phase shifters iaveguide and coaxial line.
However, since these geometries are bulky theirgaisen airborne or space
applications is very limited. As ceramic technolegyadvanced, ferrite phase shifters

in planar geometries appeared. Microstrip linejpltre, coplanar waveguide
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geometries are examples of the planar geometried us ferrite phase shifters.
Recently hybrid ferrite phase shifters are devadapsing Low Temperature Co-fired
Ceramic (LTCC) technology [28].

2.2.2 Longitudinal versus Transverse Magnetization

Ferrite phase shifters can be categorized whetiermagnetization direction is
longitudinal or transverse to the direction of mgation. Ferrite phase shifters that
are longitudinally magnetized alter the insertidmage of the signal by Faraday
rotation phenomenon. Transversely magnetized éepftase shifters are generally
nonreciprocal and phase shift is obtained by tteraation of circularly polarized RF

magnetic field and DC biased ferrite medium.

2.2.3 Reciprocal versus Nonreciprocal Operation

Interaction between microwave signals and ferritatemal is nonreciprocal.
However reciprocal operation can be obtained foneséerrite phase shifter types by
using nonreciprocal ferrite elements cascaded thghmain phase shifting element.
Reciprocal ferrite phase shifters are mainly usethonostatic radar systems where
single antenna performs both transmit and receperations. Nonreciprocal ferrite
phase shifters are mainly used in bistatic radatesys. However they can be
operated in monostatic radars at the expense omemased minimum target
detection range because of the required switchiifigrote phase shifters.

2.2.4 Latching versus Nonlatching Operation

As explained in Chapter 2, ferrite materials exhifysteresis properties which
provide them to hold magnetic flux even when thegnadic bias is removed.

Latching ferrite phase shifters operate accordinthis principle and do not require
continuous holding current. This greatly reduces BIC power consumption since
current is needed only when switching from différgrnase states. The ferrite
material used in latching ferrite phase shifterousth have square hysteresis
characteristics to utilize the latching propertiiagéntly. Also for latching operation

air gaps on the path of DC magnetic flux shoularseimized. Figure 2.2 shows the
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effect of air gap on hysteresis characteristicstha toroid given in inset of the
figure. For simplicity hysteresis curve is assuntedbe perfectly square, i .e.
remanent magnetization level equals saturation etagion level, for the case with
no air gap. As air gap lengthis increased the required DC magnetic field to take
the rod to saturation increases and remanent flemsity in the latched state

decreases.

(a) lIg=0 (b) Ig>0

Figure 2.2 Effect of air gap on hysteresis charactistics

2.2.5 Digital versus Analog Operation

Analog phase shifters provide continuous variatbmsertion phase whereas digital
phase shifters allow variation in discrete stepsdigital phase shifter consists of
cascaded phase bits with phase shifts incrementdéihary steps. For most of the
ferrite phase shifters DPS is linearly proportiottathe length of the ferrite element
used. For digital operation ferrite elements wihdths being multiples of each other
are used. Lengths are arranged to obtain maximur366f DPS Each ferrite

element is operated either in negative remanentnatamtion point or positive

remanent magnetization point. For analog operaitng ferrite element capable of
providing 360 DPS is used. Intermediate values of DPS are aidaly operating

the device on minor hysteresis loops between negatimanent magnetization and

positive remanent magnetization points. Digital rifer phase shifters require

9



independent driver circuitry for each phase bitisTihcreases the driver complexity
and switching power. However switching is fasterdigital type ferrite phase
shifters, since each bit is switched at the samme.tiThe concept of digital and

analog phase shifters is given in Figure 2.3.

Ferrite phase shifting elements

AD=0 or 180° \

— AD=0-360°
== 4A@=0 or 90°
|
[ 1] 2o=0erase
T
@) ®)

Figure 2.3 Digital (a) and analog (b) operation

Note that today’'s modern radar systems requiretadigiontrol systems for high
accuracy and fast operation. For this reason dligitase shifting operation shouldn’t
be confused with digitally controlled analog pha$éfting. An analog type phase

shifter can be controlled digitally with a digi@diver circuitry.

2.3 Performance Characteristics of Ferrite Phase Shiftes

When designing a ferrite phase shifter some trdfteshould be made to satisfy the
requirements of the system where it is used. Is #&ction some performance
characteristics of ferrite phase shifters are dlesdrand their effect on the system

performance is explained.
10



2.3.1 Insertion Loss

Insertion loss of a ferrite phase shifter shoulddselow as possible. 0.7-1.2dB
average insertion loss is typical for ferrite phabéters at X-band in waveguide
geometry. Ferrite phase shifters are high poweicds\vand they are most frequently
used in passive phase array radar systems whereadae range depends on the
phase shifter loss. Insertion loss in the phaskeshs converted to heat which in
return deteriorate the phase shifting performarfcth@® phase shifter or even may

destroy it in high average power systems.

Peak power requirement of the ferrite phase shigt@another factor determining the
insertion loss of a ferrite phase shifter. As exmd in the Appendix A, while

addition of some rare-earth metals in ferrite cosijan increases peak power
handling capability, it also increases the averagpgertion loss. Because of this
reason, ferrite materials used in low and high poayplications should be chosen

differently for low loss operation.

Insertion loss modulation which may result from fitease state changes (PM-AM

modulation) should be low for high performance @ubarray antenna systems.

2.3.2 Phase Accuracy

Phase errors of a ferrite phase shifter shouldsdeva as possible to reduce steering
errors and side-lobe levels of a radar system. ehesolution of a ferrite phase

shifter is defined as:

Phase Resolution 360/ 2" (2.5)

wheren is the number of ferrite elements used in a dityae ferrite phase shifter or
the number of control bits used in a digitally golied analog type ferrite phase

shifter.
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In practice there are phase errors resulting frbenrton-ideal performance of the

driver circuitry, frequency and temperature changes

In terminology, effect of frequency on DPS charasties is described by phase
flatness. As shown in Appendix A elements of theste permeability depend on
frequency, thus DPS characteristics of the ferptase shifter will depend on
frequency. In some ferrite phase shifter typesguemcy dependence can be
eliminated to some extent with some design teclasglf instantaneous bandwidth
of a system is small, frequency dependence carolmpensated by driver circuitry

by dividing the operation bandwidth to subsections.

Generally as operating temperature increases [#haftng capacity of ferrite phase
shifters decreases. Temperature sensitivity dependbe ferrite material used and
0.5-3/°C temperature sensitivity is typical for ferritegse shifters [1]. In analog
type ferrite phase shifters temperature compensatan be done with a ferrite
element capable of providing more than 366f DPS at room temperature.
Temperature compensation is critical in the caserahdifferent phase shifters
operate at different RF power levels, thus at ceife temperatures, because of the

amplitude tapering in a phased array system.

Apart from these sourcesiemory effeatan cause repeatability errors resulting from
the hysteresis characteristics of ferrite materitts order to increase the phase
shifting repeatability, ferrite memory is deleteg $witching the phase shifter to a
reference phase state before switching to the etbgphase state. Generally the
reference phase state is either the negative atiygoeemanent magnetization point

in the hysteresis loop.

Phase error for a phase shifter is defined for ecifipd operating frequency,

temperature and phase setting as:

Ag,...=Commanded Phase — (Measured PhastRltase Reference) ;)
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Phase error for a ferrite phase shifter is typjcajpecified by a peak value and an
RMS value at a specified temperature and phase star the operating frequency
range. It is important that average phase erroaliophase states is subtracted from
peak phase errors in the calculation of RMS phas®.eThe calculation of RMS

phase error at a specified temperature and fregusras follows:

(A@yror 1 A¢avg )2 + (A%rror_z B A¢an )2 ot (Ao n A%vg )2 (2.7)
n

A¢f?MS _error = \/

whereAg, ., ;. .-, A@,, , are peak phase errors fophase states defined in (2.6)
and Ag,, is the average phase error for all phase sta@specified temperature and

frequency.

The maximum permissible phase error for a phadeeshiepends on the system in
which it is used. For systems having large numideradiating elements, phase
accuracy is not as critical as for small systenb Vass radiating elements. The RMS

phase error permissible for a ferrite phase shigtéypically up to about%g[1].

2.3.3 Switching Time

Switching time for a phase shifter should be as d@wossible for fast operation. In
nonreciprocal ferrite phase shifters, switching éindetermines the minimum
detectable radar range. Switching time of ferrihage shifters depend on the type of
phase shifter and typically in the range 1us toualdi®Ous. Switching time can be
reduced by increasing the magnitude of the volfagiees generated in the driver

circuit.
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2.3.4 Power Handling Capability

Ferrite phase shifters should handle required palepending on the radar range and
data rate of the system. As explained in the AppeAd, peak power handling of a
ferrite phase shifter is limited by the increasenskrtion loss at a critical RF power
level. The critical power level depends on theifermaterial and ferrite phase shifter
geometry. As frequency of operation increases, peaker handling of ferrite
material decreases. Average power handling lev&roite phase shifters depend on
the increase of temperature in ferrite materialabnee of the RF heating resulting
from losses. If temperature increases above thpdeature limit in which the driver
circuit is calibrated, phase errors increase arid 86DPS may not be accomplished.
Also too much temperature increase in the struatusg cause physical damage to
the elements which are bonded together with adbesiBy forced air cooling or

liquid cooling techniques, average power handlewgl can be increased.

2.3.5 Physical Size and Weight

Maximum physical size and weight of the ferrite gdahifter is determined by the
system requirements. For mobile, airborne or sgu®@ications weight should be
minimized, whereas for ground based applicatiohs,weight requirement can be
relaxed. The interelement spacing in an array iegdly A/2. Hence for a two-axis
scanning system phase shifter module should fhiwitross-sectional area M2 x
2.

2.3.6 Figure of Merit

The figure of merit of a ferrite phase shifter efided as the maximum DPS per dB
of insertion loss [1]. 300-700 degree/dB is typital ferrite phase shifters. Also
ferrite phase shifters can be characterized by#tee of maximum DPS per unit

length in cm or inches.
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2.4 Ferrite Phase Shifter Topologies

In this Section, electrical characteristics andrapen principles of several important
types of ferrite phase shifters is presented.

2.4.1 Reggia-Spencer Ferrite Phase Shifter

Reggia-Spencer phase shifter is a reciprocal éeptilase shifter having both latching
and non-latching versions. Operation BW of Reg@asteer ferrite phase shifter is
limited by both resonances in transmission charitites and high slope of the DPS.

Insertion loss is typically <1dB in 5% BW.

Reggia-Spencer ferrite phase shifter consists loingitudinally magnetized ferrite

rod at the center of a rectangular waveguide excite TE;; mode. Impedance

matching is obtained by tapering ferrite rod froothbsides as in Figure 2.4 or by
putting dielectric transformers at the ends. Lamgjital magnetic field is biased by
the DC current passing through the solenoid wouondral the waveguide. Since a
closed magnetic circuit is not present, cylindricadl can not hold magnetization
after removing the current. Because of this, Re§gancer phase shifter is a
nonlatching type ferrite phase shifter and requo@stinuous DC current to hold the
phase stable. If reference state is chosen toebstétte with no current, the value of
DPS increases as the magnitude of the currentisased.

The theory of operation of Reggia-Spencer phaskeshs investigated by many
authors [29-34]. Theory of suppressed rotation [&3}es that the main mechanism
in phase shifting is the magnetic field controlldss-coupling between TEmode
and a higher order mode which is actually a hylmidde and is below cut-off.
Frequency dependent coupling causes DPS to beyhgghisitive to frequency.
Above the cut-off frequency of higher order modardéay rotation is seen. Since
electromagnetic waves with rotated polarizationncénpropagate in rectangular
waveguide, periodic resonances occur above cu@dygération BW of the Reggia-
Spencer phase shifter is limited by these resosawbéch cause deep insertion loss

spikes.
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Ferrite rod

N\
' Bias coil

Figure 2.4 The structure of Reggia-Spencer ferritphase shifter [35]

2.4.2 Twin-Toroid Ferrite Phase Shifter

Twin-toroid phase shifter is a waveguide type nommcal ferrite phase shifter
having high figure of merit (>400°/dB) and switchiapeed (<5us). BW of the twin-
toroid phase shifter can be broaden up to 30% lygusulti-section dielectric
impedance matching elements and flat differentiese shift can be obtained in the
BW. Twin-toroid phase shifter is a latching phak#ter where DC magnetic bias is
needed only when switching between phase statesveBe the state transitions,
phase shifter acts as a passive device. Becaubis odtal DC power consumption of
the twin-toroid phase shifter is very low and degsion switching frequency. By
carefully choosing the ferrite material type andmetry, phase shifters handling
very high average and peak power levels can bgmesisince intrinsic geometry of
the structure allows the heat generated by micrewass to be transferred out from
the ferrite material easily. Twin-toroid phase shifcan be used in two-axis

scanning, airborne and space applications becdutsesmall dimensions and weight

[1].

The main phase shifting element of twin-toroid ghakifter consists of two identical
ferrite toroids that are bonded together with ahhpgrmittivity dielectric material

between them as shown in Figure 2.5. This ferrigéedtric composite structure is
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mounted in rectangular waveguide whose height aitthws reduced to suppress
higher order modes. Air gaps between the ferriteciire and waveguide can be
minimized by metallization of the composite struetuDielectric transformers and
waveguide step transitions are used to match tlve wapedance between the ferrite
filled and reduced dimension waveguide to the siethdectangular waveguide as in
Figure 2.6. The current passed through wires plaocsdie the toroidal holes

provides the transverse magnetization in the tsroid

Dielectric spacer

Ferrite toroids

Figure 2.5 The phase shifting element of twin-torai ferrite phase shifter consisting of ferrite-

dielectric composite structure

Maximum differential phase shift is obtained at gusitive remanent magnetization
point assuming that the negative remanent magtietizgoint is chosen as the
reference state. In the analog operation, interatedialues of differential phase shift
can be obtained by applying short voltage pulsekdoswitching wire to operate at
the remanent magnetization points on minor hysietesps as shown in Figure 2.7.
Theory of operation of twin-toroid ferrite phaseifgr is explained in detail in
Chapter 4.
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Impedance matching
elements

Waveguide housing

\ Switching wire

Figure 2.6 Twin-toroid structure in waveguide housng without cover

Figure 2.7 Different phase states shown on the hgsesis loop
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2.4.3 Faraday Rotation Ferrite Phase Shifter

The Faraday rotation phase shifter uses the irtteralbetween a circularly polarized
wave and a longitudinally magnetized ferrite inymmetrical waveguide which is

circular or square in geometry [1].

By changing the magnitude of the longitudinal magnield magnitude, circularly
polarized microwave field is rotated and hence phstsft is obtained. Since the
rotation of the microwave field is in different ses for different directions of
polarization, DPS is nonreciprocal. However by mpawating nonreciprocal circular
polarizers at both ends, reciprocal DPS charatiteis obtained. Figure 2.8 shows
the main elements of the Faraday-rotation ferribvase shifter. The main phase
shifting element is the variable Faraday rotatdR)(FThe nonreciprocal polarizer
consists of a 45° Faraday rotator cascaded witlaatey wave plate (QWP). Quarter
wave plate transforms a linearly polarized (LP) wvao a circularly polarized (CP)
wave and vice versa. Linear polarizers (LPR) ateth@s absorb any modes having E
Field direction parallel to the resistive sheet.

LPR! 45° FFi OWF | Variable FR sectic

OWF | 45° FF LPR

[IJ]’ Erf

1

\

Resistive film
LP LP CF CF LF LF

Figure 2.8 Polarization distribution in the Faraday rotation ferrite phase shifter [1]
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2.4.4 Single-Toroid Ferrite Phase Shifter

Single-toroid phase shifter is a nonreciprocalpgxersely magnetized ferrite phase
shifter having high Figure of Merit (>500°/dB) ahijh power handling capability.

The structure of single-toroid phase sifter is showFigure 2.9. The main element
of single-toroid phase shifter is a rectangularitiertoroid with a high permittivity

dielectric material placed in the toroidal holeghipermittivity material concentrates
the field around the ferrite material to increasBeper unit length. This whole
structure is placed in a waveguide channel whosi&wis reduced to obtain flat DPS
within the BW. The height of the channel is alsdueed to suppress higher order
longitudinal section electric (LSE) and longitudisaction magnetic (LSM) modes.
Dielectric transformers are used at the ends of fémgte toroid to match the

impedance between reduced width and height wavedaithe standard waveguide.

Ferrite toroid

Dielectric
insert

Switching
wire

Dielectric
matching
transformer

Figure 2.9 Single-toroid structure in waveguide hosing without cover

20



Switching wire is mounted in the toroidal hole apidirectional current is passed
through it to obtain the necessary switching openat(RESET-SET scheme). The
magnetizing wire is shielded along its length wahspiral-wrapped fine wire to
suppress the coaxial mode supported by the wirke [36

Ferrite toroid Flexible conductive foil

N4

Resistive shee

N

- Dielectric insert

. , Corner chamfering
Switching wire

Figure 2.10 Cross-sectional view of single-toroicefrite phase shifter

In Figure 2.10 some design improvements of thelsitgyoid structure is shown in
the cross-sectional view. Resistive sheet areedlan a dielectric support and helps
to suppress LSE and LSM higher order modes [37&n@aring of the toroid corners
improves the figure of merit up to 10% [3&Iso flexible conductive foil is placed
between ferrite toroid and waveguide walls. Thigetadecreases the mechanical
stress on the toroid and reduces the effect of etagtriction on phase shifting

performance.

2.4.5 Dual-Mode Ferrite Phase Shifter

Dual mode phase shifter is a variant of the Faradgtion phase shifter which has
reciprocal phase shifting characteristics due ® d¢ascaded nonreciprocal quarter-
wave polarizers (NRQWP) at the ends of the varifd@eaday rotator section. The
nonreciprocal operation of the polarizers is schearally shown in Figure 2.11.

Magnetization of NRQWP is provided with four-poleagmets. Dielectric matching
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transformers (MT) are used to match the impedanegveden the rectangular
waveguide and ferrite filled circular waveguide gidced at the ends of the ferrite

structure as shown in Figure 2.12.

Linearly polarized Left circularly
wave polarized wave
_> :

Nonreciprocal
quarter-wave polarizer

Right circularly Linearly polarized
polarized wave wave

Figure 2.11 Operation of nonreciprocal quarter-wavepolarizers

MT ' NROWE Variable FR

NROWF | MT

f

/

Resistive film
LP CF CF LF

Figure 2.12 Cross sectional view of Dual-Mode phashifter and polarization distrubution
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2.4.6 Rotary-Field Ferrite Phase Shifter

Rotary field ferrite phase shifter is a reciprocainsversely magnetized device

having accurate phase shifting characteristicshagiad power handling capability.

Rotary-field ferrite phase shifter alters the inieer phase of the circularly polarized
microwave field by rotating a quadrupole transvdd§& magnetic field in a circular
waveguide filled with ferrite called half wave @atThe main mode propagating in
the ferrite half-wave plate is the TIEmode. Quadrupole transverse DC magnetic
field is produced by two windings calledgifie” and ‘cosine”. As name implies, in
the sine winding the magnitude of the current farection of sine function, whereas
in the cosine winding the magnitude of the curierd function of cosine function.
The configuration of the rotary-field ferrite phaskifter is given in Figure 2.13.
Quarter-wave plate at the end of the ferrite raghdforms the linear polarization to
the circular polarization and vice versa. Resissteet is placed in the dielectric
matching section to absorb the microwave fieldsin@E field parallel to it. The
whole structure is metalized to form the circulaaweguide structure and mounted in

the magnetic yoke as shown.

Magnetic yoke act as a medium to produce closednatagcircuit and it is made
from a ferrimagnetic or ferromagnetic material degieg on whether the device is
latching or nonlatching respectively. Sine and mwesvindings are wound in the slots

of the magnetic yoke such as the stator of a motor.

Y

Microwave ferrite rod

Magnetic yoke
Microwave ferrite rod Switching wires
(Half-wave plate) Matching section

Figure 2.13 Main elements of the rotary-field ferrte phase shifter
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Ideally sine winding is arranged to produce a tHadiagnetic fluxBsjne Which has

dependence

B

sine

= BSO sin28 (2.8)

Cosine winding produce magnetic fli .. which has dependence

Bcosine = BcO COSZ& (2.9)

where B, and B_, vary asB,sing and B, cosg respectively withg defined as an

electrical angle and is the orientation angle around the circumfereoicéhe rod
shown in Figure 2.13. Total magnetic flux generatemh be written as a

superposition of magnetic flux generated by thesewindings individually as

B = B, (Singsin28 + cospcos26)
B = B, cos@é - ¢) (2.10)

Thus a changé ¢ degrees in the electrical angle parameter causechanical
rotation of the ferrite half-wave plate quadruptrEnsverse magnetic field /2

degrees. The microwave insertion phase of the kjgassing through the half wave

plate changes by¢ degrees since it changes by twice the rotatioheasigthe half-

wave plate [39].
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(a) (b)
Figure 2.14 Interlaced magnetic flux in the microwae ferrite and superposition of the fluxes
for two cases (a)g = 45° (b) ¢ = 9C°

In Figure 2.14 magnetic flux generated by sine @gine windings are shown. As it
is observed the fields have a 45° displacement feach other and are orthogonal.
Superposition of the fields is given for two cage$:¢ = 45° and (b)¢ = 90°.

The practical operating frequency of the rotarydfiphase shifters is approximately
2-20GHz [1]. Since the electrical length of theriter half wave plate needs to be
180° only, lower insertion loss (maximum 1 dB) daobtained than other ferrite
phase shifter types. Since the magnitude of the tatagnetic flux is same for all
phase states, insertion loss modulation is very flowrotary-field phase shifters.
[39].

Lower RMS phase errors are possible as the nunflstots in the yoke is increased.
For the latching version phase accuracy is woraa tionlatching version since the
ferrite material is brittle, it is practically npbssible to increase the number of slots
in the ferrite yoke [39]. Large size of the ferrigeke limits the rotary-field phase
shifters to be used only in single axis scanningseld array antenna systems.
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2.4.7 Meander-Line Ferrite Phase Shifter

Meander-line ferrite phase shifter is an analog tching ferrite phase shifter in

microstrip or stripline geometry. It has both reoal and nonreciprocal versions.

The structure of the nonreciprocal meander-linesptshifter in microstrip geometry
is given in Figure 2.15. Ferrite is magnetized lagging current through the holes
drilled in the ferrite substrate. The direction rahgnetization at the center of the
meander line part is shown in Figure 2.16. Mearider parameters are arranged to

produce circularly polarized RF magnetic fields dvelthe center line AA At

sections away from the center line Afolarization changes to elliptical and then

linear at the ends [1]. Thus only about 65% of theander line turns produce
nonreciprocal DPS, whereas the entire 100% cong#io insertion loss [40].

Meander line

Ferrite

Ground plane

Switching wire

Figure 2.15 Meander line ferrite phase shifter in ricrostrip geometry
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Figure 2.16 Circularly polarized RF magnetic fieldsgenerated by meander lines on AAplane
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CHAPTER 3

ANALYSIS AND DESIGN OF REGGIA-SPENCER
FERRITE PHASE SHIFTER

In this Chapter, design of an X-band Reggia-Spephkase shifter is explained using
analytical expressions given in the literature astducture is optimized with

numerical analysis done with CST Microwave Studid®ree different structures
are fabricated and it is seen that measuremenlisesgree well with the analytical

and numerical solutions.

3.1 Design Considerations

Design procedure can be categorized in three steps.
« Initial determination of ferrite material parameter
* Determination of ferrite geometry
e Choosing ferrite material
First two steps are coupled problems and shoulgdbeed together to meet the

specifications given in Table 3.1.

Table 3.1 Phase shifter specifications

Operation bandwidth 10% at X-Band
Insertion Loss <1dB
Return Loss >10dB
Phase Coverage 0-360°
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In [41], design of Reggia-Spencer phase shiftexxgained in detail by analytically

solving the problem of electromagnetic wave progiagan rectangular waveguide

partially filled with ferrite material. In this Clpger, the exact geometry is solved
numerically in the given frequency band of operatio

3.1.1 Determining Ferrite Material Parameters and Geomety

In Figure 3.1 several examined configurations fegéla-Spencer phase shifter are
given. Teflon or polyfoam support is used to hole tferrite in its place in
rectangular waveguide for configurations (a) and fmwever the drawback of these
structures is the difficulty of operation in highiesage power levels because of the
heat removal problem. Cooling with low loss dietectiquid increases average
power handling of these configuratidd?].

Z %

(a) Rod configuration (b) Bar configuration

7

A LA LA L

rrerrearrrarrrerer]
.
LN

1
R

o

(c) Full-height bar configuration (d) Bar configuration with
E-plane dielectric slabs
7 7 77771 Microwave ferrite
% material
o Boron Nitride

(e) Bar configuration with or Beryllium Oxide

H-plane dielectric slabs

Figure 3.1 Reggia-Spencer Phase Shifter Configuratns
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For configuration (c) lower DPS per unit lengthoistained as compared to partial
height configurations [43]. In configurations (dyda(e) ferrite material is placed
between dielectric slabs having high thermal cotidities to easily remove the heat
generated in the ferrite structure by RF heatinger@tion in 100 Watt of average
microwave power level resulted in 12°C temperatise between waveguide wall
and center of the ferrite material causing only @6rease in DPS in configuration
(d) [44]

In this study, configuration (a) is designed andrifaated. For this configuration

optimum parameters for ferrite material and rodefisions are given in Table 3.2.

Table 3.2 Optimum design parameters for rod configtation [1]

Parameter Optimum Value Calculated Value
. N )2\
Saturation Magnetizatior47MM ( (Gauss) T 005 47M C1700
Diameter of ferrite rodD (mm) A <D< A 47<D<6.2
1706/e, 1308/, =R
. A¢max
Length of ferrite rod (mm) | = AR =120

where w, is the center frequency of the phase shiftdy, is the free-space
wavelength at the center frequencg, is the dielectric constant of the ferrite
material which is around 13\g, . is the maximum required differential phase shift
which is 360° andAS is differential phase shift per unit length whishexpressed

as:

L &, ),
AB = A (wlc;)—wa)z) (3.1)
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where

w =ap +%m (3.2)
l = & 5 -
@y =M, (3.3)

w, = yaAmM (3.4)

From (3.1) it is seen that differential phase stsfproportional with47M_ of the
ferrite material. However magnetic losses of theiteeincrease agl7iM  increases
because of the low field loss phenomenon and pealephandling capacity of the
ferrite material decreases witviM , as explained in Appendix A. On the other
hand, choosing a ferrite material with lo#vM ; would result in a small amount of

DPS per unit length. Ferrite material length wolaéle to be made longer to achieve
360° of DPS. As a consequence dielectric and cdnautosses increase. At that

optimum47M ; value the figure of meriA@/dB) is maximized and adequate power

handling is achieved. [1]

Below the lower limit of the rod diameter, phasétsh negligible whereas above the

upper limit Faraday rotation starts to develop oayperiodic resonances. [1]

Practically rod length is tuned after experimewiatwith the structure. Since (3.1)

does not take into account of the rod diametercefi®3 may turn out to be much

higher than expected if rod diameter is close éupper rod diameter limit. [1]
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3.2 Numerical Analysis

3.2.1 Analysis of DPS

Simulation model consisting of the ferrite rod, wam, waveguide ports and
dielectric parts at front and back surfaces offdréte rod is shown in Figure 3.2.
Finite element method (FEM) based frequency dor(fad) solver of CST is used in
EM simulations. Outer surfaces of the vacuum arnelé as electric boundary
condition which represents the waveguide walls.irGlyical dielectric parts having
same permittivity with ferrite material are needadorder to excite modes at the

waveguide ports correctly.

Vacuum

Dielectric

Ferrite

Waveguide
port —

Figure 3.2 Simulation model for Reggia-Spencer phasshifter

H Field

FS
T LT ET TN ET YO

Figure 3.3 TE,ylike mode at the waveguide ports
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Figure 3.3 shows the excited Hike mode at the waveguide ports. Note the
distortion of the fields at the boundary of theleliric material because of the high

dielectric constant.

Figure 3.4 shows the effect dfiM, and ferrite diameter change on maximum DPS

per unit length for the structure given in the insefigure. It can be observed that

DPS increases ad7M, is increased. Also below rod diameters of 5 mimse

shifting is negligible. Above rod diameters of 6 nimsertion loss spikes are seen

below the center frequency which shows the devetoyirof Faraday rotation.

140

i 2250 Gaus 2000 Gaus
i ! ——
120 A v )
....... - \

100 Y . e //‘// 1750 Gaus

g // / 1500 Gaus

-~ 2286
80 |
/// 1250 Gaus

60

\ V /&
4

Differential phase shift per unit length
(A®/cm)

Rod diameter, D (mm)

Figure 3.4 Rod diameter dependence of differentigthase shift with 47M _ as parameter

In Figure 3.5 EM simulation results of frequencypeéedence of DPS for Reggia-
Spencer phase shifter is given within a 10% banttwidr several rod diameters.
There is a strong dependence of DPS on frequemncg she coupling between the
main mode and the cross-polarized evanescent modeases with frequency.
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Figure 3.5 Frequency dependence of DPS with rod dieeter as parameter 47M ;=1750 G)

3.2.2 Effect of Faraday Rotation on Transmission Charactastics

As marked in Figure 3.6 Faraday rotation causesrios loss spikes at the cut-off
frequency of cross-polorized mode. Decrease oitéerod diameter moves the onset

of Faraday rotation and thus insertion loss spikgker in frequency.

0.84f; 0956, f,  1.05f 1.371;
J OV VTN N
10 ’ v
i 45 ¢
= / /
@ 7 D65 mm / / "\
» / 5.5 mm ) 5 mm
* 6 mimn
5 4]

Frequency

Figure 3.6 Insertion loss spikes caused by the Fatay rotation effect
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When choosing the rod diameter both phase shifierformance and transmission
characteristics should be taken into account. Smagimum differential phase shift
occurs at onset of Faraday rotation, rod diaméteulsl be chosen such that Faraday

rotation occurs just above the highest operatiequency.

3.2.3 Impedance Matching

Impedance matching of the ferrite filled waveguitte the standard X-Band
waveguide (WR-90) can be done by putting taperetdediric transformers at the
ends of the ferrite rod or by tapering the ferrdd itself as shown in Figure 3.7.

Figure 3.7 Cross section of the tapered ferrite rodhowing tapering length and tip radius

-10

12

-14 1

-16 -

Max. Return Loss in 10% BW

18 1

20 ; . . . .
5 10 15 20 25 30
‘Tapexing kength, | (mm)

Figure 3.8 Input and output matching versus taperig length (8=0.5mm)
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In Figure 3.8 electromagnetic simulation resultsh@ maximum return loss values
within a 10% bandwidth are given for two differdetrite rods having rod diameters
of 5.4 mm and 6 mm. It can be observed that agitap&ength is increased a linear
improvement of matching is obtained up to tapereggth of 20mm. Also for

smaller rod diameters better impedance matchingbeaabtained which is because

of the smaller dielectric filling ratio.

3.3 Practical Considerations and Measurement Results

Ferrite rods having diameter of 7.5 mm and lendtiinm have been purchased
from the microwave ferrite manufacturer Advance rit@r Technology (AFT)

Microwave Gmbh. Ferrite material is a Calcium-Vanad doped YIG with grade

CV-18 where important microwave characteristics green in Table 3.3. A

photograph of the purchased ferrite rod beforeatet tapering process is shown in
Figure 3.9. A photograph of the fabricated Reggefrer ferrite phase shifter
structure is shown in Figure 3.10. Standard X-Bawmageguide (WR-90) is used as
the waveguide housing of the phase shifter ancchwigy coil of 1000 turns is wound
around the waveguide. Wall thickness of the wawgis reduced up to 0.1 mm in
order to decrease switching time and switching ggneWaveguide wall is wrapped
with a soft tape so that sharp waveguide sidesod@ut the switching wires. Ferrite
rod is held in position by a polyfoam support athbends and position of the rod is

tuned with plastic screws by measuring the transiorischaracteristics.

Table 3.3 CV-19 material parameters [45]

Saturation Remanent Resonance Spinwave Curie Coercive
Magnetization | Magnetization linewidth linewidth Temperature Force
4aMs(Gauss) M, (Gauss) AH (Oe) AH, (Oe) T.(°C) H. (Oe)
1800 1210 12 2 230 0.4
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Figure 3.9 Photograph of the ferrite rod, before ad after tapering process

Switching
coil

R L
& St
\\

\

Tuning \ ¢
screws =

Figure 3.10 Photograph of the fabricated Reggia-Speer ferrite phase shifter
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Three structures are fabricated by changing thédeod diameter. In the first trial,
original rod diameter (D=7.5mm) is used. In theosektrial, rod diameter is reduced
to 5.5mm and in the third trial rod diameter is uegedd to 6mm. In all cases
impedance matching is obtained by 15mm taperingtfeand 0.8mm tip radius at
both ends.

Measurements are taken with a Vector Network Arely®/NA) and continuous
current is supplied with a DC power supply. A plgraph of the measurement setup
is given in Figure 3.11. For the DPS measurementdifierent temperatures an
adjustable hot/cold plate device is used.

Figure 3.11 A photograph of the measurement setupf Reggia-Spencer ferrite phase shifter
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3.3.1 First Trial

Insertion loss and return loss of the Reggia-Spepbase shifter with ferrite rod
diameter of 7.5 mm is given in Figure 3.12. A goagbedance matching could not
be obtained and deep resonances are observed rnismission characteristics
originating from Faraday rotation. Because of tlerptransmission characteristics

DPS performance is not investigated for this stmect

Frequency
0.95f, fo 1.05f,
0.0 ; ; 0.0
-2.0 - 4.0
-4.0 ; ; | -8.0
o 6.0 s : L 120 @
) : ‘ )
— ' —
o ' ' —
» 8.0 ; 3 +-16.0 0
) ' %)
n [%]
o ' o
= .10.0 : -\ t-200 -
P ' ' c
S ‘ )
= ' =1
® 1204 ; . : L 240 @
2 : R ; 4
-14.0 j ; L -28.0
-16.0 ] ; L -32.0
-18.0 - ‘ L .36.0

Figure 3.12 Measurement results of insertion lossd return loss characteristics for first trial
(D=7.5mm)
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3.3.2 Second Trial

Measured transmission characteristics for the sktoal (D=5.5 mm) are given in
Figure 3.13. Better impedance match is obtainedmauch less resonances is seen.
At f=1.02f, insertion loss notch with magnitude -1.5dB is obaedr By tuning the
position of ferrite rod with the plastic screws filace and magnitude of the notch is
seen to be adjustable. Insertion loss has an averalge of -0.2dB with £0.12dB

modulation on it in 10% BW. Peak value of the retlass is -13dB.

Frequency

095f0 fo 105f0

-0.2 1

-0.4 +

Insertion Loss, S21(dB)

-0.6

-0.8 +

1

-1.2 +

1.4

-1.6

— S22

) ) ) =
o (6] o [$;]
Return Loss, S22(dB)

&
&

-40

Figure 3.13 Measurement results of insertion lossa return loss characteristics for the second
trial (D=5.5mm)

DPS versus switching current characteristics isemgivn Figure 3.14. Note that
reference phase state is taken to be the statenwitimagnetization, i.e. no current
applied, at each frequency point. High frequencgetielence of DPS is observed
which is expected from the EM simulation resultgegiin Figure 3.5. Above 200mA
DPS increases very slowly showing the saturatiash@ferrite material.
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250 300 350 400
Figure 3.14 Measurement results of DPS for the sewd trial at room temperature (D=5.5mm)

The requirement of 36MPS could not be satisfied for frequencies beldd2f. To
satisfy this requirement in 10% BW, length of tkeerite rod should be around 25 cm

which is unreasonable since losses increase tob.muc

41



3.3.3 Third Trial

Measured transmission characteristics for the thil@ (D=6 mm) are given in
Figure 3.15. Two large insertion loss spikes @&ensin the BW, one at f=1.0Q5f
with 2dB loss and the other at f=1.94fith 8.1dB loss. Insertion loss has an average
value of 0.4dB with £0.3 dB modulation on it in 10B%V. Peak value of the return
loss is -8dB.
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Figure 3.15 Measurement results of insertion lossa return loss characteristics for the third
trial (D=6mm)
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Figure 3.16 Insertion loss of shortest state andhgest state (D=6mm)

In Figure 3.16 wideband measurement results oftioseloss for the shortest state

(I=0 mA) and longest state (I=400 mA) is given. Peesonances originating from

Faraday rotation are observed above 3.08fter tuning amplitude of the resonances

are reduced to -2.5dB in 091.03% BW for all magnetization levels.
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Figure 3.17 Measurement results of DPS for the thif trial at room temperature (D=6 mm)
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Measurement results of DPS for the third trial giwe Figure 3.17. As compared to
second trial DPS is much less dependent on frequand requirement of 380f
DPS in 10% BW is satisfied.

The comparison of measurement results of maximurS,DR. the insertion phase
difference between the shortest state (I=0 mA)taedongest state (I=400 mA) and
EM simulation results are given in Figure 3.18. fEhis an approximately 9(phase
difference between the actual simulation modelgtag) and measurement result.
This difference is thought to be resulting from #reors of the EM simulation at the
cut-off frequency of the waveguide. The structuithewut tapering (Figure 3.2) has
200 more DPS than the structure with tapering ag &nid there is much similarity

with the measurement results at the frequencieseMf@raday rotation exists.

1 1 1 1
-------- e el e e L L r S
' I ' ' I

g0 Lo __E_Simulatidn Result (tapered)

360 oo TN MY Measurement Result ~~~7 77T

0 oot / e i S

720 4.Simulation Result (not tapered)----i---_-%___

Differential phase shift {degrees)

o0 b
086 090 1.00 1.03 1.16
Frequency (ffy)

Figure 3.18 Differential phase shift between the higest state and shortest state (D=6mm)

In Figure 3.19 measurement results of maximum D&t#vden temperature range of
0-100C is given. DPS decreases with increasing temperabecause of the
reduction of magnetic activity in the ferrite maaér In Appendix A.2.2 effect of

temperature on ferrite materials is explained itaidle
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Figure 3.19 Variation of DPS with temperature (D=6nm)

3.4 Conclusion

Measurement results for the three structures haglifigrent ferrite rod diameters

showed the difficulty of operation in 10% BW withoresonances in transmission
characteristics. This is because of the necessipperation at the onset of Faraday
rotation in order to obtain sufficient amount of ®Rf frequency dependent DPS is

not a concern it is showed that resonance-freeatiparwithin a 5% BW is possible.

Maximum DPS is obtained with 400mA continuous haddicurrent. However
maximum current can be reduced to 250mA with oty decrease of DPS. Power
dissipation at the maximum phase state is calallage0.188W with the total coil
resistance of 18. Average switching time between the phase stateseasured as

4ms.

It is estimated that maximum peak power handlingd® W and average power
handling is 20 W for the fabricated prototype. Higlverage power handling can be
obtained with different configurations explained 8ection 3.1.1. Temperature

sensitivity of the designed prototype is found as 1

45



CHAPTER 4

ANALYTICAL AND NUMERICAL ANALYSIS OF
TWIN-TOROID FERRITE PHASE SHIFTER

In Section 2.4.2 general characteristics of twiroith ferrite phase shifter is
explained. Twin-toroid structure found widespreaage in radar applications since
1960s. However only approximate theories [26, 3#48] used in determining the
performance of the phase shifter because of thepkoeted boundary value
problems of waveguides partially loaded with inhg®mously biased ferrites.
Numerical methods, especially FEM and Finite Dégfeze Time Domain (FDTD)
method, provide an accurate characterization afidat ferrite phase shifters as for

other ferrite devices such as circulators and ietda

In this Chapter, the principle of operation of then-toroid ferrite phase shifter is
explained and some important performance charatteyi are examined using
analytical expressions and numerical methods. IM°CEM simulation models are
developed estimating differential phase shift (DB&J insertion loss characteristics
accurately. Using a dielectric model, the propaatharacteristics of higher order

modes are investigated and methods to suppressinedes are explained.
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4.1 Twin-Slab Approximation

In twin-toroid structure, microwave energy is mgirdoncentrated in the region
around the high dielectric constant material atadeter of the waveguide. In Figure
4.1 EM power and H field distribution in the twiarbid structure on x-y plane is

given for the wave propagating in +z direction.

- 1.6E+05

+ 1.4E+05

+ 1.2E+05

+ 1.0E+06

+ 8.0E+04

+ 6.0E+04

Magnetic Field (A/m)
Power Density (Wim 2)

r 4.0E-04

+ 2.0E-04

0.0E+00

Tw i2 W, w

w
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Figure 4.1 EM power density and H field distribution in x-y plane for x>0

Since the microwave magnetic field magnitude in veetical ferrite regions near
narrow waveguide wall is very small, their effect differential phase shift can be
neglected. The top and bottom walls of the tor@ods magnetized in +x directions
which are parallel to the plane of circularly patad H field (ordinary wave).
Because of this, interaction of microwave fieldshwihe ferrite material is small.
Also the effect of top and bottom walls cancelsheather since they are oppositely
magnetized. The vertical ferrite regions next te tenter dielectric slab have the
dominant effect in generating the differential phakift. The principle of operation
of the twin-toroid phase shifter can then be appnaxed by the twin-slab

approximation [26, 46] shown in Figure 4.2.
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Waveguide wall

Ferrite V/A Dielectric

Figure 4.2 Reduction of the twin-toroid structure © the twin-slab geometry

4.1.1 Principle of Operation

In Figure 4.3, H Field polarization representatidrthe TR, mode wave traveling in
+z direction in an empty rectangular waveguide isnshdOn x-z plane, polarization
of the H Field is linear (LP) ax=0, #a/2 and circular (CP) ak=+x;. Between
linearly and circularly polarized coordinates Hdigs elliptically polarized (EP). For
x<0, the vector rotation of H field with time is cloglse whereas fox>0 it is anti-

clockwise as shown for circularly polarized cases=ax; andx=x;.

When ferrite slabs which are magnetized in —y apdlitections are placed at at-
X1 andx=x; respectively, magnetization causes the electromsdoess clockwise in
the ferrite slab at=-x; and anti-clockwise in the ferrite slabxatx; as shown Figure
4.4,
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Figure 4.3 Polarization distribution of H field of TE10 Mode in an empty rectangular

waveguide at xz plane
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Figure 4.4 Precession senses of electrons in therite slabs magnetized in y direction
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When the precession of electron spin is in the ssenee as the vector rotation of the
H field, there is strong interaction between eletiagnetic field and ferrite medium
and resultant effective permeability of the ferigdess than unity. If the precession
of electrons is in the opposite sense with resjeettie rotation of H field vector, then
there is minimum interaction between ferrite mediana electromagnetic field and

the resultant effective permeability is greatenthaity [1].

Figure 4.5 and Figure 4.6 shows the strong intenacind weak interaction between
electromagnetic wave and ferrite slabs respectivElyr a given magnetization
direction, the permeability and thus the propagationstant of a wave is different
for two directions of propagation giving the twilals geometry non-reciprocal
characteristics.

Precession of

/ electrons

Rotation of H
field vector

/

z

Figure 4.5 Strong interactions between electromagtie field and ferrite slabs
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Figure 4.6 Weak interactions between electromagnetifield and ferrite slabs

For a given direction of propagation, if magnei@atdirection is reversed because
of the change of interaction between ferrite mateand electromagnetic wave, a

different propagation constant and consequentfemihtial phase shift is obtained.

Figure 4.7 shows EM simulation results of the miaawe H field distribution for
two directions of propagation for 1 Watt of incidggower. + components of the H
field correspond to the wave propagatingtindirection and - components of the H
field correspond to the wave propagating-mdirection. As a high permittivity
dielectric material is placed between the ferrits, magnetic field is displaced
such that botkx andy components of the H field concentration in theifermaterial
increase. Since interaction of H field with ferriteaterial increases, more DPS is

obtained.
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4.1.2 Numerical and Analytical Solutions of Differential Phase Shift

In this section, analytical results given in [26hdaresults obtained by EM
simulations using CST are given and compared. fjuréi 4.8, effect of remanent
magnetization on the differential phase shift cbimastics for the twin-slab

geometry is given. The dimensions of the calculatedcture are shown in inset of
Figure 4.8. Note the almost linear increase okedéntial phase shift with normalized
remanent magnetizatiom= y47M, / w, and with permittivity of dielectric material

between ferrite slabs. Large values of differenpllase shift is obtained am

approaches unity, however as will be discussed latpedance matching problems

and increase of magnetic losses limit the valua.of

DIFFERENTIAL PHASE SHIFT (deg/cm-GHz)

0 0.225 0.45 0.675 0.9

NORMALIZED REMANENT MAGNETIZATION (m=y4znM /wo)

Figure 4.8 EM Simulation (solid lines) and analytial results (dashed line) of differential phase
shift versus normalized remanent magnetization witlcentral dielectric permittivity value as

parameter
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In Figure 4.9 analytical calculations and EM sintiola results of DPS are plotted as
a function of dielectric slab thickness for variadislectric materials. Note that the
results for high dielectric constant materials sipanounced maxima as a function
of wy. Further increase af; decreases the DPS because of the decrease of magnet

field intensity in the ferrite material.
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Figure 4.9 Analytical results(solid line) and EM ginulation results(dashed line) oA® versus
wi/ho With g4 as parameter

In Figure 4.10 DPS characteristics versus frequasnagjiven for several waveguide
widths. As waveguide width is reduced the energwsdg in ferrite material
increases causing the DPS to increase. For wavegudths between 0.35-024 flat
differential phase shift is obtained for above 4B&hdwidth. Since the frequency of
operation of the device is above magnetic resonaheemagnetic activity of the
ferrite decreases with increasing frequency. On dfleer hand, as frequency
increases plane of circularly polarized H field rmaewards the high field region
which increases the ferrite-microwave interactibhese two counteracting effects
provide the DPS to be flat across a wide operdiargdwidth.
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Figure 4.10 Analytical results(solid line) and EM Bnulation results(dashed line) o4 ® versus
w/w, with waveguide widtha as parameter

4.1.3 Numerical and Analytical Solutions of Insertion Los

Dielectric and magnetic losses are independentriesshanisms occurring in ferrite
materials. While dielectric loss tangents of gartygte ferrites are smaller than
0.0002, it could approach 0.0015 for spinel fesri{@5, 49, 59]. In twin-slab

structure the loss contribution of the dielectriaterial between the ferrite slabs is
high, since as shown in Figure 4.1 power is magcoycentrated in that region.
Mismatch losses caused by reflections, conductogsds on waveguide walls,
dielectric losses of impedance matching sectiond delectric losses of non-

conductive epoxy used for bonding the ferrites diedectric slab also contribute to

the total loss of the structure.

Magnetic losses of ferrites depend on materialmatars (4Ms AH, AHy), magnetic
state, operating frequency, power and temperatutteeanaterial. The magnetic loss
for a partially magnetized state such as that wexidt in a latching ferrite phase

shifter or below resonance circulator can be charaed by a single loss parameter
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u” the imaginary part of the diagonal component leé permeability tensor for a

demagnetized ferrite. Foy4M Jw < 0.7 u'' follows a simple power law

relationship:

. 4 )"
H =A{y W j (4.1)

where A and N are determined for several garnedshmMVig, Ni and Li spinels. At

larger values ofy47M /w, u'' grows rapidly as low-field losses (Polder-Smit

losses) set in [50, 62].

In Figure 4.11 schematic representation of magresses shows the increase of

magnetic losses below saturation of the ferrite fdriM ./w > 0.7. High absorptive

properties at resonance regions are used in destdsas isolators.

High microwave frequency

Saturation Low microwave frequency (yA7M _Jw <<0.7)
s .

' (yArM lw > 0.7)

N7

RELATIVE ABSORBTION
Low-field loss region

—_—

v

DC MAGNETIC FIELD

Figure 4.11 Schematic representation of absorbtioas a function of DC magnetic field for a
typical ferrite showing resonance and low-field los mechanisms
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In Figure 4.12 measured values@f' [59] are given to compare the magnetic losses

of several ferrite materials. Low-field losses @auws sharp increase gfi for

yaArM lw> 0.7.
1E-02 ¢
y4rM  /w=0.9
yArM  /w =0.7
1.E-03 T
£l
1E-04 |- e SO
| ——YIG (4TrMs=1780)
—e— MnMg ferrite (4 TMs=2150)
—— YIG+AIl (4TTMs=1200)
- YIG+AI+Gd (4 mMs=1200)
1.E-05 \ ‘ ‘ ‘
2 4 6 8 10 12 14 16

FREQUENCY (GHz)

Figure 4.12p" as a function of frequency for different ferrite maerials

In EM simulations, magnetic losses arise from losldf loss phenomenon is
modeled by changing the resonance linewidth of féreite material for each
frequency point. In Figure 4.13 and Figure 4.14 Eiktulation results of insertion
loss for the twin-slab structure having 3&flifferential phase shift is given. Ferrite
materials used are MnMg ferrite and YIG+Al+Gd garnespectively and

normalized dimensions of the structures are theesdrne parametep47M . /w is

changed by sweeping the frequency. The wall rasistés taken to be 0.07 ohm per
square and dielectric loss tangent of the dieleclab between the ferrite slabs is
0.001 by also taking into account of the loss @&f tlon-conductive epoxy [26]. For
ferrite materials dielectric loss tangent is takaen 0.0005. Mismatch losses are

subtracted when calculating each loss componeiatr atsby.
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Dielectric and conductor losses for YIG+AlI+Gd garaad MnMg ferrite are about
to be the same. Howaver magnetic loss for YIG+Al+«fadhet is higher than that for
MnMg ferrite as would be expected from Figure 4\Ahile Gd substitution into the
YIG family increases peak power handling capacitg aemperature stability, it

increases the magnetic losses.
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0 : T T T T |
0.4 0.5 0.6 0.7 0.8 0.9 1
4TIV W
Figure 4.13 Insertion loss of the twin-slab structee with MnMg ferrite
(W1=0.04% , W2=0.05% , a=0.761o , £,q=13, =12, 4tMs=2150)
0.7
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Figure 4.14 Insertion loss of the twin-slab structee with YIG+Al+Gd garnet
(W1=0.04% , W2=0.05% , a=0.761o , £,qg=13, =15, 4tMs=1200)
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4.2 Numerical Analysis of the Exact Twin-Toroid Geomety

Twin-slab approximation provided several importeggults in the development of
the twin-toroid phase shifter. However as will yplained later in this section, it has
some deficiencies in determining the differentiaape shift characteristics and mode
calculations of twin-toroid geometry. In this sectj several models for twin-toroid
phase shifter are developed and they are exammedrins of their accuracy on
determining the differential phase shift by compgriwith measurement results
given in [27]. Higher order modes propagating innttoroid phase shifter and

insertion loss characteristics are determined bystivulations.

4.2.1 Magnetostatic Simulations of Magnetic Flux

In twin-slab approximation, magnetic flux densityassumed to be homogeneous
and unidirectional in vertical ferrite slabs. Howeun toroidal structures magnetic
flux direction is not uniform especially at the wers of the toroids [51, 52]. In
Figure 4.15, B-H characteristics used in EM simals are given. Magnetostatic
simulation result of the magnetic flux distributiontwin-toroid structure is given in
Figure 4.16.

2000

1800 +

1600 |~
1400 |~ f
1200 1
1000 1

800 -
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600 -
400

200 ff

10 12
H Field (Oe)

Figure 4.15 Nonlinear B-H data used in magnetostaticalculations
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Since modeling of this equation in EM solver is possible, some simplifications
should be made to include the effect of cornersliffierential phase shift. In Figure

4.17 developed models used in EM simulations areni

ciiiii fernite, [, & m dielectric, po, &ra i dielectric, po, &1

Figure 4.17 Different simulation models used for tw-toroid ferrite phase shifter
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4.2.2 Simulation of Differential Phase Shift

For the twin-toroid geometry with cross-sectionaéw given in Figure 4.18,
measurement results [27] and EM simulation resfltte models defined in Section
4.2.1 are plotted in Figure 4.19, Figure 4.20, &ngure 4.21 for YIG material,
MnMg spinel ferrite and Li spinel ferrite respeétiy.

b : —’in: : L

L A i ' . ' W 1.4 mm
W 1.0 mm
W3 4.0 mm
W,y 1.0 mm
h 2.0 mm

: - b 4.0 mm

: W2 || ' ' :

| | L W2 I<— '

— ' , X X —>I Wy I<—

Figure 4.18 Cross-sectional dimensions of the twiteroid structure used in EM Simulations
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Figure 4.19 EM simulation results (solid lines) andneasurement results (triangles) for YIG

=14.74 Dielectric material:g,4=24.96)
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Figure 4.20 EM simulation results (solid lines) andneasurement results (triangles) for

MnMg ferrite
(Ferrite material: 47Mg=1420 Gaussg=12.1 Dielectric material:g,4=25.64)
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Figure 4.21 EM simulation results (solid lines) andneasurement results (triangles) for Li
ferrite
(Ferrite material: 47tMg=1730 Gaussg=15.4 Dielectric material:¢,4=16.05)

The results of Figure 4.19-21 indicate that theneomagnetization has considerable
effect on DPS. The small difference between thelte®f Model A and Model B
shows the small effect of vertical ferrite regiorear the narrow waveguide walls on
DPS. When horizontal ferrite sections are inclufddddel C) differential phase shift
decreased over 10%. The main reason of that islid§gacement of microwave H
field from the vertical ferrite region near the ldigric slab. In Model D introduction
of diagonal corner magnetization decreased diffeaephase shift over 10% with
respect to Model D. Replacement of half of the itbroorners adjacent to the
waveguide walls with dielectric material having pétivity same as that of ferrite
material (Model E) caused a big decrease (>20%jiftérential phase shift. The
difference between the simulation results of Mde€ivy/w,=0.7) and measurement
results is below 9% for three different types oftenals. With regard to these
results, MODEL F provides the most accurate DP8twwol and will be used in the

design of twin-toroid ferrite phase shifter.
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4.2.3 Simulation of Higher Order Modes

The propagation in waveguides which are inhomogesigdfilled with dielectric
slabs, occurs in LSE (longitudinal section electric) and LSM (longitudinal
section magnetic) modes. For n=0 (no y-dependehese modes become identical

with the conventional T and TM,,o modes.

The propagating dominant mode in twin-toroid phak#ter is the LSk or TEy

mode. Differential phase shift flatness in the freocy band of operation can be
adjusted by reducing the width of the waveguidetigecwhere the toroids are
mounted. Also high dielectric constant materiaks @sed to increase the differential
phase shift per unit length. However both of thesquirements may permit

propagation of higher order Lgkand LSM,, modes in the structure.

In practical ferrite phase shifter applicationspgé higher order modes may cause
sharp spikes in transmission and reflection charestics if there exist asymmetry in
the cross-sectional geometry of the twin-toroiducire or imperfections and air
gaps in the impedance matching elementsg3} The upper frequency limit of the
twin-toroid phase shifter is then limited by thet-off frequency of the first higher
order mode. The field lines of the first two highender modes (LSk, LSMi1)
propagating in dielectric slab loaded rectangulaveguide are shown in Figure
4.22.

In Figure 4.23 EM simulation results of the propgamaconstants for the first three
higher order modes are given for the dielectric ehad the structure given in Figure
4.18. LSk; and Tko modes start to propagate around 10 GHz and 4,Shvbde
around 11.9 GHz.

65



X-Y PLANE

%

E LINES H LINES

==l (x|

\J
L)

il

Bl

E LINES H LINES
Y-Z PLANE
== D
E LINES H LINES
X=2Z PLANE
=
H LINES

(b)
Figure 4.22 Field Lines for (a) LSE; Mode (b) LSM;; Mode [37]

66



1600 ~

1400 -

1200 ~

1000 -

800 ~

600 ~

400 -

PROPAGATION CONSTANT, B (1/m)

200 ~

9 10 11 12 13 14 15 16 17 18
FREQUENCY (GHz)

Figure 4.23 Propagation constants for the dominantnode and first three higher order modes

The effect of dielectric constand,{) and width of the dielectric slab {(Jwetween the
ferrite toroids on propagation of higher order mode investigated and results are
given in Figure 4.24-26. Generally, increase epf and w lowers the cut-off
frequencies for all the higher order modes showirggimportance of the dielectric
slab on propagation characteristics. The propagaifothe first higher order mode
limits the value of permittivity of the dielectrimaterial used resulting in a decrease
of the DPS as explained in Section 4.1.1.

Reduction of the waveguide height b increases th@ff frequencies of LSk and
LSM31; modes as shown in Figure 4.27. However this cadseease of the cut-off
frequency of Tl mode. Also power handling capacity of the devieerdases since

H field magnitude in the ferrite material increaassheight is reduced.
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CHAPTER 5

DESIGN AND MEASUREMENTS OF X-BAND
TWIN-TOROID FERRITE PHASE SHIFTER

In Chapter 4, development of accurate EM simulataaels for the twin-toroid FPS
are presented. In this Chapter, using these modetsgn of an analog type X-band
twin-toroid ferrite phase shifter is explained atrdde-offs in terms of power
handling capability, higher order mode propagataomd DPS characteristics are
discussed. Measurements of the fabricated protdiypetoroid FPS are presented.

Measurements are compared with EM simulation result

Twin-toroid ferrite phase shifter design procedimgolves the consideration of

following stages:

* Determining approximate material parameters
o Ferrite material parametersntMs, 4nM, &g

o Dielectric slab permittivity gq)

» Cross-section optimization
o Consideration of differential phase shift
= Obtaining high DPS per unit length (Figure of Merit
degree/cm) and high DPS per dB loss (Figure of tMeri
degree/dB)
= Obtaining flat differential phase shift in frequgnband of
operation
o Consideration of higher order modes
= Preventing higher order modes to propagate
= Suppressing higher order modes
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o Consideration of power handling
» Reducing peak magnetic field intensity magnitude the
structure to improve peak power handling capacity
» Reducing insertion loss to improve average powerdiag

capacity

* Material selection

o Suitable value of #Ms, square ferrite material with high¥l,
Low dielectric and magnetic losses
High power handling capacity

Low temperature sensitivity

O O O o©

Low magnetostriction effects

* Matching transformer design
o Obtaining good impedance match in the BW

o Preventing the excitation of higher order modes

* Analog design
o Phase accuracy
* Phase resolution
» Phase repeatability
= Temperature and frequency compensation
o0 Switching time

0 Switching power
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5.1 Determining Approximate Material Parameters

The selection of the ferrite material involves ampoomise between several
performance parameters, such as phase shift, ioisddss, and power handling
capability as shown in Figure 5.1. Sharp incredsmagnetic losses for normalized

saturation magnetizationy47M ¢/ w >  0.4s because of the low field loss
phenomenon which is explained in the Appendix A.8.1y47M ¢ / w is chosen to

be low, ferrite phase shifter length to obtain 3@PS increases too much and
resulting conductive and dielectric losses dommabetotal loss. Optimum range for

the y4rMg [/ w providing low dielectric, conductor and magnetiosdes is

determined between 0.2 and 0.6 for ferrite phagieesh While the increase of the
yArM ¢ | w increases DPS per unit length, power handling lmépaof ferrite

phase shifters decreases because of the decre&e which is explained in the
Appendix A.5.

I
I
|4— Optimum Range —#

I
I
I
I I
a | |
O | Dielectric and |
—! | conductive losses |
8 | |
= I
|_ .
i Magnetic losses | LOW-FIELD
Ll LOSS REGION
o

I |
2 4 6 8 1.0

Power handling Y(4TtM) |::> DPS per unit
capability increases () length increases

Figure 5.1 Loss components, power handling capaliijiand DPS per unit length as a function
of normalized saturation magnetization (Adapted fran [65])
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Phase shifting capacity of latching type ferrit@pd shifters are directly proportional

to the remanent magnetizatiod;M ; of the ferrite material used. Thus ferrite
material should have square hysteresis charaatsrise, high47M ., to obtain high

phase shifting capacity.

Permittivity of the dielectric slakx) between the ferrite toroids is the other material
parameter affecting the phase shifter performaAseshown in Chapter 4, as the
value of the permittivity increases, phase shiftaagpacity increases. However the
propagation of the higher order LSE and LSM modestd the value of the
dielectric slab permittivity. When determining tdeslectric slab permittivity, DPS
characteristics, higher order mode propagation poder handling characteristic
should be taken into account. Optimum value of diedectric slab permittivity is
around 30. Above that value, temperature sensé@sviof the dielectric constant of

the dielectric materials can degrade the performafthe phase shifter [58].

5.2 Cross-Section Optimization

Cross-sectional parameters and material parametdise twin-toroid ferrite phase
shifter are given in Figure 5.1. Optimization o thtructure cross-section constitutes
the most important part of the design of nonredplderrite phase shifters. The
main purpose of the cross-section optimizatiomw ismtrease the DPS per unit length
and obtain phase flatness while considering higirdler mode propagation and
power handling characteristics of the phase shiftetal DPS of the phase shifter is
directly proportional to the length of the strueuiThus by increasing the DPS per
unit length, lower insertion loss can be obtainedes the required length to obtain
360C° of DPS will be shorter.
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Figure 5.2 Structural parameters of twin-toroid structure

Ferrite (4rMR)

Dielectric

Table 5.1 Parametric EM simulation results of the win-toroid ferrite phase shifter

Relative Peak
Swept Parameter | - 1oter | DPS / cm at LSE,; Cut-Off LSMy; Cut- Power
(Constant _ Off .
Value f=f, Frequency Handling
Parameters) Frequency Capability
(degreefcm (Normalized | (Normalized
9 wrt f ) wrt f )
£ 18 41.6 1.17 1.28 1.656
(b=0.127h, £4=15 25 53.5 1.06 1.23 1.460
w1=0.044%, 36 68.7 0.94 1.16 1.274
w2=w4=w5=0.032)

50 81.5 0.82 1.11 1.079
b 0.095), 60.4 1.15 1.32 1.000
(,=36, £4=15, 0.107X9 64.3 1.05 1.24 1.084
wl=0.044), 0.127) 68.7 0.94 1.16 1.274
w2=w4=w5=0.032,) 0.158) 73.7 0.80 1.07 1.600
0.025) 70.8 1.04 1.31 1.084
Wy 0.032) 72.4 1.00 1.25 1.121
N 0.038%, 71.4 0.96 1.21 1.222
w2:w4:W5:o.0320 ) 0.044) 68.7 0.94 1.16 1.274
0.050) 65.0 0.91 1.12 1.357
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Dielectric slab permittivityeq, dielectric slab thicknessiwand waveguide height b
are found to be the most critical cross-sectiorabmeters of the twin-toroid ferrite
phase shifter considering DPS, power handling agten order mode propagation
characteristics. In Table 5.1 parametric EM simatatresults of the twin-toroid
ferrite phase shifter for fgfare given. The widths of the toroid arms,(w,; and wg)
should be equal for both mechanical and magnetisores and optimum value of
0.032y is used in all simulations. Also remanent magaiton is taken to be 1250
Gauss for all cases. Cut-off frequencies for twghbr order LSk and LSM;
modes are investigated and the cases in which thedes start to propagate near or

below the highest operating frequency 1G5 written in bold letter.

Relative peak power handling values are calculbiedormalizing the magnitude of
the RF H fields in the ferrite material with theeohaving highest magnitude among

all cases and squaring the inverse of the results.

Increase of the dielectric slab permittivity,y increases DPS per unit length
remarkably as expected. However both power handtapgability and cut-off
frequencies of higher order modes decreasgqas increased. By reduction of the
waveguide height b, cut-off frequencies of higheteo modes can be translated to
higher frequencies at the expense of a reductiomoimer handling capability and
DPS per unit length. However, as far as the povaadhng is not a major concern,
about 17% increase of DPS per unit length can hairsdd with an increase of
dielectric slab permittivity from 25 to 36 and acd=ase of waveguide height from
0.127X0 to 0.1070, with similar higher order mode propagation charastics.

The decrease of the dielectric slab widthalso increases the cut-off frequencies of
higher order modes. However as will be explainedhm next sectionw; has an
optimum value providing maximum DPS per unit lengthd also around that
optimum value flat DPS in the operation BW can lxamed. Because of these
reasons, arrangement of the cut-off frequencidsgbfer order modes with reduction

in the width,w; is limited.
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DPS characteristics of twin-toroid ferrite phasdfteh are generally a monotonic
function of frequency. In Figure 5.3, EM simulatieesults of DPS characteristics of
a twin-toroid ferrite phase shifter is given. Maérand structural parameters are
given in the inset of the figure. Reference phda&dss chosen to be the negative
remanent magnetization operating poidti{l ; = -1250Gauss). Slope of the DPS in
BW increases as operating point in the hysteresiop Imoves away from the
reference state. Maximum slope of DPS is obtainedha positive remanent

magnetization operating poindfM = +1250Gauss).

5 +1250 G

----- T D= wA=w5=0.035A,
: w3=0.038A,

: : : ; b=0.16A,

................ o sl s TSR TS5

______________________

——————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————

DPS per unit length {degree/cm)

0.9f, 0.95f fo 1.05f, 111,

Frequency

Figure 5.3 Frequency dependence of DPS for sevepiase states

In Table 5.2 the effect of the dielectric slab widih the DPS characteristics is given.
DPS per unit length shows a pronounced maxima a0W®W32A,. Minimum
frequency dependence of DPS in 10% BW is obtained/{=0.038\..
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Table 5.2 Effect of dielectric slab width, w on DPS characteristics

_. | Peak to Peak Variation of

W DPS/ematt=h| " pps ) cm in 10% BW
(Normalized with respect tok) (°/cm) (°/cm)
0.0125 58.5 3.8
0.019 67.4 3.3
0.025 72.2 2.7
0.032 73.7 1.2
0.038 72.7 0.4
0.044 70.1 1.2
0.05 66.3 2.8

Another parameter affecting the frequency depergl@dPS is the width w As
shown in Figure 5.4, decrease of the parameterdecreases the variation of the
DPS in the BW for the twin-toroid structure. Howeu@PS per unit length also
decreases, since toroid arms close to the waveguddewalls having negative effect
on phase shift interact with more microwave fietdsthey are moved towards the
center. Also as wis reduced, switching wire is positioned closeh® center of the
waveguide. This will cause higher losses and irsgehe possibility of excitation of

higher order modes.

DPS per unit length (degree/cm)
-.,.I
=]

68 -
66 -
64 -
62 i i i i i
0.9f, 0.95f, f 1.05 f, 1.1,
Frequency

Figure 5.4 Effect of the parameter won DPS characteristics
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5.3 Material Selection

In Section 6.1 some important points for deterngnimaterial parameters are
explained. Also in the Appendix A.5 comparison dtarials in terms of microwave

power handling is given. After determining the apgmate value o47M ¢, material

is chosen according to the power handling and teatype requirements. Choosing a
high power material in low power application majngrextra average insertion loss.
On the other hand, choosing a low power materia lmgh power application may

cause the insertion to increase sharply afteritieat power level.

Magnetostriction effects explained in the Appendli2.3 should also be considered
when choosing ferrite material for twin-toroid figerphase shifter. MgMn ferrites
are stress insensitive; however their low powerdhag capability and high
temperature sensitivity makes them difficult to lged in high power and high
temperature applications. By small addition of Mim YIG, ferrite materials having
both high power handling capabilities and smaksgtrsensitivities can be produced
[66].

Lithium ferrites can be used in low and medium povtegrite phase shifters. Low
temperature sensitivities and high Curie tempeestor lithium ferrites enable them
to be used in very high temperature applicationsl @am applications where
temperature compensation with electronic drivecutry is not possible. At X-Band
lithium ferrites have more loss than garnets. Havéw millimeter-wave frequencies
they offer the lowest losses for phase shifter iappbns. Also low cost of lithium

ferrites makes them ideal for high volume applmasi

Important microwave parameters of the ferrite makerthosen for the twin-toroid
ferrite phase shifter are given in Table 5.3. Mateis obtained from microwave
ferrite manufacturer, AFT Microwave Gmbh. A photaygin of the purchased twin-
toroid structure is given in Figure 5.5. Length tbé structure is 38mm. Ferrite
toroids are formed with pressing method and theykaought to tight mechanical
tolerances with precise diamond grinding. Toroidsl alielectric slab are glued

together with a strong, electrically insulating aslive. Side, top and bottom surfaces
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of the twin-toroid structure are metalized withdjoff thickness at least 3um which is
greater than four times the skin depth. Gold miettibn act as a waveguide wall
and provides intimate contact of the conductingtayith the ferrite structure. By
this method, air gaps between the ferrite and wadegwall is minimized and

higher order mode propagation is prevented.

Table 5.3 RG-11 material parameters [45]

Saturation Remanent | Dielectric | Resonance| Spinwave Curie
Magnetization | Magnetization | Constant | linewidth | linewidth | Temperature
4nMs(Gauss) |  4M, (Gauss) &t AH (Oe) | AH((Oe) T.(°C)

1850 1300 14.9 25 1.3 240

Figure 5.5 A photograph of the purchased twin-torail structure with length 38mm

79



5.4 Matching Transformer Design

Impedance matching of the twin-toroid ferrite phas$efter is obtained by using
multi-section or tapered dielectric sections andegaide step transitions as shown
in Figure 2.6. To obtain good impedance match idenBW number of dielectric
matching sections and waveguide step transitioruldhbe increased. Dielectric
constant of the matching sections should be low #me/ must be machined
precisely; otherwise higher order modes can beekcAlso dielectric material used
in matching sections should have low dielectricslogmngent for low loss

contribution.

Required return loss levels (<-15dB) in 10% BW asirfd to be possible with the
dielectric matching transformer configurations shaw Figure 5.6. For the optimum
performance, mechanical dimensions of the two-geciisymmetric configuration
turned out to be much easier to fabricate tharofer configurations. In Figure 5.7
dimensions to be optimized in the EM solver for tweo-section asymmetric
configuration are given. After optimizing width misitions, height transitions are
designed for standard WR-90 output. In Figure Se&urn loss characteristic

obtained by EM simulations is given.

(a)Two-section symmetric (b)Two-sdéoh asymmetric (c) Tapered

Figure 5.6 Several configurations for dielectric m&ching sections
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< Ws1

\

Ferrite loaded
waveguide channel

Figure 5.7 Top view of the structure showing dimenens of the dielectric matching sections and
waveguide transitions

Return Loss (dB)

0.95fy fo 1.05fp
Frequency

Figure 5.8 — EM simulation results of the § with two-section asymmetric matching

81



5.5 Analog and Digital Design

Ferrite phase shifters are current controlled desvignd for the latching type ferrite
phase shifters, analog driver circuitry should jlevbidirectional current pulses
having adjustable magnitudes. Since ferrite phageess are inductive loads to the
driver circuitry, magnitude of the current can k#juated by changing the pulse
widths of the applied voltage pulses. Bidirectiooatrent can be supplied either by a

single-wire configuration or a two-wire configui@ti as shown in Figure 5.9.

Drlver ISET IREEET
. X ———e— - — - - - -
Circuit

(a) — Single-wire configuration

Driver

- [ I s l ____________
Circuit IresET

(b) — Two-wire configuration

Figure 5.9 Single-wire and two-wire configurationgor latching ferrite phase shifters

In the twin-toroid structure, conductive wires dreectly exposed to EM fields. Thus
they can cause an increase of the total insertiss of the phase shifter. Also wires
can excite higher order modes when there is an m&yrg in the placement, or even
coaxial TEM modes can be excited. Since the amotithe conductor is less for
single-wire configuration than two-wire configu@ti the negative effects of the
switching wires will be less. The placement of #heitching wire and resulting

magnetization in the twin-toroid ferrite phase &hiis shown in Figure 5.10.
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Current carrying wire

.E'_
NN

Magnetization vector

Figure 5.10 Placement of wires for single-wire coitfuration [1]

Digital control circuit for the twin-toroid ferritgphase shifter controls the phase
shifter and holds phase characterization data. ddis can be a 3 dimensional array
including phase state information at different freqcies and at different

temperatures.

5.5.1 Switching Methods with Single-Wire Configuration

Latching type ferrite phase shifters are operateth@ operating points between
-4/, and + 47M, in the hysteresis loop. Before switching to thevrghase
state ferrite material is first reset to a refeeepbase state which is eitherdziM . or

+ 470, operating points. Resetting operation removeslthedf the previous phase
state and provides repeatable operation. Then Ipyyiag an opposite direction
current pulse, phase shifter is set to the deghege state. This switching method is
called RESET-SET switching and shown schematicttyswitching from phase
state A to phase state E in Figure 5.11. Applietlage waveform and resulting
current in the switching wire are also shown. Whesgetting the phase shifter,
current increases sharply at the knee of the ha@tercurve and applied voltage
should be removed when it is assured that the mhiernin saturation. The length of
the SET pulse depends on the desired phase stahanld be determined for each

phase state at several temperatures in the opgtatimperature range.
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The dependence of RESET operation on the previbasepstate is eliminated by
FULL SET-RESET-SET switching method shown in Figbt&2. More repeatable
phase shift is obtained with this method than RESET switching method [67].

~+—— knee

A 4

RESET-SET SWITCHING RESET A B C b
o

1 1

> H b

1

E D i |

SET C»D—»E !

b

B C Do

1 )

Figure 5.11 RESET-SET switching method

FULL SET-RESET
A-» B> C» D> E

FULL SET-RESET-SET
SWITCHING

» H |

w

SET
E>F>G

x
J

Figure 5.12 FULL SET-RESET-SET switching method
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5.6 Measurement Results

Measurements of the designed prototype twin-torfadite phase shifter are
performed using the measurement setup given inr&igul3. Vector network

analyzer (VNA) is used to characterize the microsvgerformance of the phase
shifter. Calibrations are performed using severalibcation kits including the

standard WR-90 calibration kit, half-height WR-9Chri-Reflect-Line (TRL)

calibration kit, and 3.5mm SMA calibration kit. Meaements done with the
calibration using 3.5mm SMA calibration kit difféfrom the measurements done
with the calibration using the other calibratiortskisince waveguide adapter is
excluded from the calibration. Three versions ef techanical waveguide structure
are fabricated. One version is for a single twirci structure having length of
38mm. Photograph of this structure is given in Feg®.14. Tapered dielectric
matching elements are placed at the front and lsaclaces of the structure. The
other two versions are produced for two cascadéattiovoid structures having total
length of 76mm. Waveguide height transitions fanstard WR-90 waveguide is
provided with external adapters for the earlier twaysions. Photographs of the
mechanical structure for the 76mm toroids are gimeRigure 5.15 and Figure 5.16.
In the last version, height transitions are integgtaon the main structure and ferrite
loaded waveguide channel is widened 0.2mm to irwratp indium foils to reduce

mechanical stress on the ferrite.

Switching of the phase shifter is obtained with tlesigned analog driver circuits.
Performance of analog circuits suitable for single2 and two-wire configurations
explained in Section 5.5 are compared. 0.1dB leesage insertion loss is obtained
with the former configuration. The effect of voleagswitching time on DPS
characteristics is investigated and its importamtéhe accuracy of phase shifting is
seen. For 6-bit phase shifting operation SET pula#s pulsewidths being multiples
of 10ns is needed. For repeatable and accurate @hating especially for the low
phase states, shorter rise timgg(tand fall time (&) is needed and <50ngdand
tran IS Obtained with an improved driver circuit. Iretearly stages, digital controls of
the analog driver circuit are provided with functigenerators. A specific digital
control program is written on an FPGA based tesirthoVoltage pulses for FULL
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SET-RESET-SET switching method are generated skibard. Digital test board is
controlled serially with a desktop computer. Foagdh repeatability measurements,

automated measurement control program in Agilent \&Ewritten.

Figure 5.13 A photograph of the measurement setupf twin-toroid ferrite phase shifter

Figure 5.14 A photograph of the designed 38mm twiteroid structure with dielectric matching
elements
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Figure 5.15 A photograph of the first version of dsigned 76mm twin-toroid structure

Twin-toroid structure

Height transitions

Figure 5.16 A photograph of the second version ofedigned 76mm twin-toroid structure

Although high power measurements couldn’t be peréat, minimum 500W of peak
power handling capability is estimated from the uhss obtained from EM
simulations and expression given in (A.11). Averggever handling capability
depends on the thermal design and it is expecedlOOW continuous power do not
degrade the performance significantly.
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5.6.1 Insertion Loss and Return Loss Measurements

In Figure 5.17, comparison of the measurement teamd EM simulation results of
the insertion loss and the return loss for the 38stnucture with tapered dielectric
matching is given. Dielectric constant of the matgrelement is 6. The results of the
measurements are in good agreement with the resuEd simulations. Average
insertion loss is measured as 0.3dB and returnde#ier than -27dB is obtained in
8% BW aroundd. Switching wire inside the twin-toroid structurariy 0.1dB extra
insertion loss. Worst return loss value in 10% BS\Mmeasured as -14dB. In the
measurements, insertion loss spikes are obsereedéithree frequencies which are
not seen on EM simulations. Peak value of the fisefoss is measured 0.44dB at
f=0.97%. The reason of these insertion loss spikes isdaionbe because of the
propagation of higher order L$Emode. Discontinuities and asymmetry in the twin-

toroid structure causes coupling of the dominanty htode and LSk mode.
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» i 13 S S -180 =
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Figure 5.17 Comparison of measurement results andNE simulation results for 38mm structure

with tapered dielectric matching
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Magnitudes of these notches are highly sensititbéglacement of switching wires
and dielectric matching sections, and also didleatonstant of the dielectric
matching element used. In the experiments with kdiglectric constante{ =16, 25)
matching elements, deep insertion loss notcheapping 3dB are observed. Since
field intensity is higher in high dielectric constamaterials, higher mechanical

precision is needed to produce these elements.

In Figure 5.18; for several phase states, measunerasults of the 76mm structure
with the tapered dielectric matching element optadi for the 38mm structure is
given. Average insertion loss is 0.75dB and maxinretarn loss is 12 dB in 10%
BW.

150 - |

200 4o |

250 f -~ ([t

S21(dB), S11(dB)

300 f-------------—-@-Fpo 2 i------fi-
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-40.0
0.85

1.15
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o "=

Frequency (f/f o)

Figure 5.18 Insertion loss and return loss measureemt results for different phase states for

76mm structure

In Figure 5.19, insertion loss measurements fosstme structure are given in detalil.
Three insertion loss spikes are observed aroun®5%) f=f; and f=1.034. Peak

value of the insertion loss is 1.25dB and inserta®s modulation is 0.4dB.
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Figure 5.19 Detail of insertion loss measurement selts for different phase states

In the insertion loss measurements, it is obsethatl the hole in the waveguide
structure for the switching wires to enter and dwtl an important effect on the
magnitudes of insertion loss spikes. Filling of ti@e with conductive epoxy and
absorber material reduced the magnitudes of thes@ibout 0.2dB. Also placement
of DC feedthru in the holes improved the perforneantowever didn’'t solve the

problem completely.
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5.6.2 DPS Measurements

In Figure 5.20, comparison of the results of DPS pait length between
measurements and EM simulations is given. 4% diserey is obtained in 10% BW.
The difference between the slopes of measuremsult @nd EM simulation result is
0.8/cm in 10% BW. These small differences may occuwahse of the dimensional

tolerance of the twin-toroid structure or errorshe EM simulation models.
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Figure 5.20 Measurement and EM simulation resultsfaDPS per unit length

In Figure 5.21 measurement results of DPS of adisphstates for 6-bit operation in
0-36C phase coverage at 25 is given. As explained in Section 5.2 the slopthe

DPS in the BW increases as DPS is increased. lmré&i§.22 and 5.23 group delay
measurements for the reference phase state andnomaxphase state are given
respectively. Average value the group delay is 2.f8m both states and maximum

1ns peak to peak variation is observed in 10% BW.

Pulse widths of the applied voltages are optimipedhe best phase accuracy at the
center frequency. Peak to peak phase error is mexhas 13.2and calculated RMS
phase error in 10% BW is given in Figure 5.24. @btils in the calculation of RMS
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phase errors are given in Section 2.3.2. Phasesavozurred at the center frequency
result from quantization errors in the driver citguand repeatability errors because
of the hysteresis. Phase errors increase as freguenmoved away from center
frequency because of the slope of the DPS. With IRESET switching method
<1.2 and with FULL SET-RESET-SET switching method <Ophase repeatability
Is obtained with an automated measurement progevelaped in Agilent VEE. The
program takes measurements by switching to randoasep states and calculating
maximum phase deviation with the desired phase.sfte disadvantage of the
FULL SET-RESET-SET switching method is the increakéhe switching time by
approximately 5 us.
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Figure 5.21 All phase states for 6-bit operation i®-360 phase coverage at T=2%
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Figure 5.22 Group delay for the reference phase g&
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Figure 5.23 Group delay for the maximum phase state

In Figure 5.25, measurement results of DPS veraitslsng time are given at 4

different operating temperatures. The measuremantshese temperatures are
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performed on an adjustable hot/cold plate devideSDncreases slowly for pulse
widths between O - 0.4s. There is a linear increase of DPS with pulsetiwid
observed for 0.7 - 4s. After 4 us, the increase of DPS slows down @salt of the
operation near saturation of the ferrite and aseuwlidth of 5us, 98% of maximum
DPS is obtained.

T s e e e

RMS phase error (degree)

1 1.025 1.05 1.075

=
=)
i
=
&
=
E

Frequency (ff0)

Figure 5.24 RMS phase error for 6-bit operation affT=25°C
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Figure 5.25 DPS measurements at several temperat@é operating temperature range
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In Table 5.4, results of measurements given in fleigu25 are summarized. DPS
results are normalized with respect to the resatitsoom temperature (T=26).

Total DPS reduced 43at T=-30C which is an unexpected result. However after
some investigation, it is found that the mechangtatéss on the ferrite can cause

decrease of DPS via magnetostriction phenomenolaiergd in the Appendix A.2.3.

Table 5.4 Summary of the DPS measurements at diffent temperatures

Reference Phase Maximum Phase Change of DPS
Temperature State Drift State Drift (degree)
(°C) (degree) (degree)
(w.rt T@25C) (w.rt T@25C) (w.rt T@25C)
+60 -47 -36 -11
+25 0 0 0
0 +30 -5 +35
-30 +27 +70 -43
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5.6.3 Summary of Electrical Performance

In Table 5.5, summary of the electrical performantehe fabricated 76mm twin-
toroid ferrite phase shifter is given. Datasheetsaf commercial twin-toroid ferrite
phase shifter and a rotary-field ferrite phasetshiboth operating at X-Band are

given in Appendix B for comparison.

Table 5.5 Summary of electrical performance of prodced twin-toroid ferrite phase shifter

Parameter Specification
Bandwidth 10% at X-Band
Peak Power 500W
Average Power 100W
Phase Coverage Min. 360°
Phase Resolution Min. 6 bit (5.6)
Insertion Loss 1.25 dB max.

0.75 dB avg.
Insertion Loss Modulation 0.5dB
Return Loss 128 gg ;n\;g
Phase Accuracy <16.6° peak, <4.4ARMS
Phase Repeatability <0.5
Operating Temperature Range -30°C to +60C
Output Flange Standard WR-90
Switching Time <15us
Switching Energy <15QuJ
Power Supply +15V, +5V
Driver Control 3 TTL signals
Dimensions 15X 4.1 X4.1cm
Other Microwave Characteristics Nonreciprocal, Latching
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5.7 Practical Improvements

5.7.1 Temperature Compensation

The dependence of DPS on temperature is invedtigatethe designed twin-toroid
FPS. Without any temperature compensation techgjoygerating at a temperature
different than the phase characterization temperatull cause phase errors to
increase. Thus the characterization of the phastersshould be done for several
temperature points in the operating temperaturgeaamigital phase data to be
written in the memory will be multiplied with theumber of characterization
temperatures. The temperature of the FPS can bsuneehby a temperature sensor

sending information to the digital control circuit.

5.7.2 Frequency Compensation

DPS measurement results given in Figure 5.21 slmewdeterministic behavior of
DPS with frequency. DPS is generally a monotonicfion of frequency. Also radar
systems generally operate in narrow instantanepesating BW. This allows the
division of the main BW to sub-BWs and operating ffhase shifter in these sub-
BWs. In Figure 5.26, operation in two sub-BWs i®wh schematically. In this

method, phase shifter is two sub-BWs each operatiniifferent phase states.
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Figure 5.26 DPS measurements at several temperat@é operating temperature range
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Theoretically, peak to peak phase error and RMS&elerors will be halved with
operation in two sub-BWs. The improvement in phaseuracy increases as the
number of sub-BWs is increased. However, digitedgghdata to be written in the
memory will be multiplied with the number of sub-BWised.

5.8 Future Works

5.8.1 Resistive Suppression

With the improvement of design capability and bettenderstanding of the

microwave behavior of the twin-toroid ferrite phasgefter, microwave performance
can be improved with new designs. The difficultyebfinating insertion loss spikes
in the BW resulting from propagation of higher ardeodes is discussed in Section
5.2.

As explained in Section 2.4.4, for the the singleid type ferrite phase shifter,
higher order modes can be suppressed by placiggflimal resistive sheet between
dielectric materials. The possibility of same amto for the twin-toroid geometry is
investigated. In Figure 5.27 two different possibtnfigurations are schematically
shown. Since Tk mode do not have an E field component paralléh&resistive
material, it will not be affected. However LgFand LSM; modes will be attenuated
in the structure. This attenuation will decreasertiagnitudes of insertion loss spikes
in BW.

Dielectric ] /

Z

o

7

@ Resiie ®

Figure 5.27 Possible configurations for resistivehget placement
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In 5.25.a, ferrite toroids are produced in sepapéees and resistive material is
placed longitudinally on the side arms of the tdsoi Since the continuity of
magnetic path is broken, remanent magnetizatioal levthe toroids will decrease
which causes decrease of total DPS. In 5.25.bjdalrdole will be filled with

dielectric material which has longitudinally placeesistive material inside. The
difficulty of that solution is the placement of Wetric in toroidal holes. The
possibility of the production of these two configtions will be discussed with

microwave ferrite manufactures.

5.8.2 Using a High Power Ferrite Material

The other approach to eliminate the insertion ggskes is to prevent the propagation
of higher order modes with reduction of waveguideght. However as explained in
Section 5.2, with this method power handling calggbiecreases substantially. In
order to accommodate the reduction of power haggdla higher power ferrite

material with highenHy should be used.

In Table 5.5 important microwave characteristicshef material GD-1600-35 of TCI
ceramics is given. This material is a Gd doped Yi@terial with power handling
capability at around 10 times higher than for th&-RL material used in the

prototype design.

Table 5.6 GD-1600-35 material parameters [49]

Saturation Remanent | Dielectric | Resonance| Spinwave Curie
Magnetization | Magnetization | Constant | linewidth | linewidth | Temperature
4nMg(Gauss) |  4M, (Gauss) €t AH (Oe) | AH((Oe) T.(°C)
1600 1100 15.1 35 4 280

The effect of switching wire on microwave performarwill be reduced by placing
the wire away from the center with the increasehef dimensional parameterz.w

Also slope of DPS in frequency is reduced withiti@ease of w
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EM simulation results of the DPS per unit length tfee designed structure is given
in Figure 5.28. Total phase shifter length willdd@ut 8.4 cm to obtain 36@MPS for
-30/+60° operating temperature range.

DPS per unit length (degree)

45 \ 1 1 1
0.85 0.9 0.95 1 1.05 11 1.15

Frequency (f/f o)

Figure 5.28 EM simulation results of the structurewith no higher order mode propagation with
material GD-1600-35
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CHAPTER 6

CONCLUSION

Ferrite phase shifters are critical components réatar systems. Their electrical
performance such as power handling capability, @hasolution and insertion loss

determines accuracy and range of a system.

In this thesis, a reciprocal Reggia-Spencer typeitée phase shifter and a
nonreciprocal twin-toroid type ferrite phase shifteoth working at X-band are
designed, fabricated and measured. In the desigthede phase shifters, EM
simulation tools are effectively used. Accurate idation models are developed for
determining DPS, transmission, power handling aigtidr order mode propagation

characteristics. These models are verified withsueament results.

Material selection is one of the most critical paof ferrite phase shifter design.
Thus, extensive study on microwave ferrite matsrial carried out for this work.
Nonlinear high power characteristics, magnetosbrncteffects and temperature

dependencies of different material groups are inyat®d.

The importance of the exactness in the productiofemite materials, mechanical
structures and dielectric matching elements is .s€en the Reggia-Spencer type
ferrite phase shifter, substantial improvement rahgmission characteristics with
tuning elements is observed. For the twin-toroidngetry, asymmetric placement of
the switching wires and dielectric matching elersemtsulted in an increase of the

insertion loss.

The effect of analog and digital control circuits phase accuracy and switching
time is investigated. Hysteresis effects on phapeatability are reduced by using

suitable switching configurations. For the twindial phase shifter, depending on the
101



monotonic increase of DPS with frequency, phasergrcan be reduced with the
analog driver circuitry by operating the devicesub-BWs. Temperature dependence

of ferrite materials also necessitates compensatittnanalog driver circuitry.

Although high power measurements couldn’t be peréat, peak power handling of
the designed Reggia-Spencer phase shifter andttword phase shifter is found at
least 500 W with the results of EM simulations amélytical expression given in
literature. As explained in Chapter 5, by usingfeecent ferrite material, peak power
handling of at least 3kW can be obtained for twareid geometry with possibly a
small increase of insertion loss. Average powedhag capability of the twin-toroid

phase shifter is estimated 100W without signifiad@gradation in the performance.

Because of the resonances in transmission chasdici®r operation BW of the
designed Reggia-Spencer ferrite phase shiftemigdd to 5%. High temperature and
high frequency sensitivity of DPS and low switchspeed limits the practical usage
of Reggia-Spencer type ferrite phase shifter irhaspd array system. However, the
information obtained in the design and fabricajiwacesses of Reggia-Spencer type
ferrite phase shifter has been a basis for thegdesf twin-toroid ferrite phase
shifter.

Successful operation in 10% BW is obtained fortthi@-toroid ferrite phase shifter.
Moreover, using dielectric matching elements witbrensections, BW of twin-toroid
ferrite phase shifter can be broaden up to 25%hWhe electrical performance
given, the designed twin-toroid ferrite phase ehiftan be used in a practical phased

array antenna system.

102



REFERENCES

[1] S. Koul and B. Bhat, “Microwave and Millimet®ave Phase Shifters,” Volume
[, Boston, MA: Artech House, 1991.

[2] J. L. Snoek, "Magnetic and electrical propestod the binary System MO Fe,O,,"
Physics, vol. 3, pp. 463-483, June 1936.

[3] J. L. Snoek, "Non-metallic magnetic materiatg high frequencies,” Philips
Tech. Rev., vol. 8, pp. 353-360, Dec. 1946.

[4] J. L. Snoek, New Developments in Ferromagndtaterials. New York, NY:
Elsevier, 1947.

[5] L. Neel, "Proprietes rnagnetiques des ferriteigrrimagnetisms et
antiferromagnetisome,” Ann. Phys., vol. 3, pp. 133; Mar. 1948.

[6] D. Polder, "On the theory of ferromagnetic neance,” Phil. Mag., vol. 40, pp.
99-115, Jan. 1949

[7] A. G. Fox, “An adjustable wave-guide phase deri’ Proc. IRE, pp. 1489—
1498, Dec. 1947.

[8] L. Stark, “A Helical Line Scanner for Beam Steg a Linear Array”, IRE Trans.
On Antennas and Propagation, vol. AP-15, pp.211-2péil 1957.

[9] H. Scharfman, "Three new ferrite phase shiftePsoc. IRE, vol. 44, pp. 1456-
1459, Oct. 1956.

103



[10] D. J. Angelakos and M. M. Korman, "Radiatiaorh ferrite filled apertures,”
Proc. IRE, vol. 44, pp. 1463-1468, Oct. 1956.

[11] F. Reggia and E. G. Spencer, “A new techniquéerrite phase shifting for
beam steering in microwave antennas,” Proc. IRE, 45, pp. 1510-1517, Nov.
1957.

[12] F. Reggia and T. Mak, “Reciprocal latching phanodulator for microwave
frequencies,” IEEE Trans. Magn., vol. MAG-2, pp92873, Sept. 1966.

[13] A. Clavin, “Reciprocal ferrite phase shiftars rectangular waveguide,” IEEE
Trans. Microwave Theory Tech., vol. MTT-6, p. 334d]y 1958.

[14] M. A. Treuhaft and L. M. Silber, "Use of miesave ferrite toroids to eliminate
external magnets and reduce switching power," ARE, vol. 46, pp. 1538, Aug.
1958.

[15] W. J. Ince and E. Stern, “Nonreciprocal remmargephase shifters in rectangular
waveguide,” IEEE Trans. Microwave Theory Tech.,.\MdITT-15, pp. 87-95, Feb.
1967.

[16] G. F. Rodrigue, “A Generation of Microwave Rt Devices,” Proc. IEEE, vol.
76, pp. 121-137, February 1988.

[17] C. R. Boyd, Jr., "A dual-mode latching recipab ferrite phase shifter,” IEEE
Trans. Microwave Theory Tech., vol. MTT-18, pp. 2111124, Dec. 1970.

[18] L. R. Whicker and C. R. Boyd,A new reciprocal phaser for use at millimeter
wavelengths,” IEEE Trans. Microwave Theory Techol. WITr-19, pp. 944-945,
Dec. 1971.

[20] C. R. Boyd and G. Klein, “A precision analogpdexing phase shifter,” in IEEE

MTT-S Int. Microwave Symp. Dig., pp. 248-250, 1972.
104



[21] C. R. Boyd, Jr. “A Latching Ferrite Rotary-KlePhase Shifter”, 1995 IEEE
MTT-S International Microwave Symposium Digest, #f3-106, May, 1995

[22] R. R. Jones, “A slow wave digital ferrite gline phase shifter,” IEEE Trans.
Microwave Theory Tech., vol. MTT-14, pp. 684-68&d>1966.

[23] W. M. Libby, “Microstrip two-meander line orefrite substrate,” IEEE Trans.

Microwave Theory Tech., vol. MTT-21.

[24] R. R. Romanofsky, “Array Phase Shifters: Thyeand Technology,” NASA
Technical Memorandum TM—2007-214906, Oct. 2007.

[25] G. F. Dionne et al., “Superconductivity for pnoved Ferrite Devices,” Lincoln

Laboratory Journal, vol. 9, no. 1, pp. 19-31, 1996.

[26] W.J. Ince, E. Stern, “Nonreciprocal remanempt@ase shifters in rectangular
waveguide”, IEEE Trans. Microwave Theory Tech., 18] pp. 87-95, 1967.

[27] J. Svedin, B. Carlegrim, S. Hagelin, “ Accwa@esign of Ferrite Toroid Phase
Shifters - Theoretical and Experimental ResultshlBuropean Microwave
Conference, pp. 391 — 396, 1988

[28] J. Braj and L. Roy, “Ferrite-filled, antisymmnieally-biased rectangular
waveguide phase shifter.” U.S. Patent 6 867 664, V& 2005

[29] F. Reggia, E.G. Spencer, “A New Technique énrfie Phase Shifting for Beam
Scanning of Microwave Antennas”, Proc. IRE, vol, #p. 1510-1517, November

1957.

[30] K. J. Button, B. Lax, “Perturbation Theory tife Reciprocal Ferrite Phase
Shifter” Proc. IEE, vol. 109.B, .Supplement 21, 296

105



[31] P. A. Rizzi, B. Gatlin, “Rectangular Guide Fex Phase Shifters Employing
Longitudinal magnetic Fields” Proc. IRE, vol. 4p.[1130-1137, June 1957.

[32] A. Clavin, “Reciprocal Ferrite Phase Shifters Rectangular Waveguide”
IRE Trans. Microwave Theory Tech., vol. MMT-6 , pp34, July 1958.

[33] W.E. Hord, F.J. Rosenbaum, C. R. Boyd, JrThéory of the Suppressed-
Rotation Reciprocal Ferrite Phase Shifter” |IEEENE. Microwave Theory Tech.,
vol. 16, pp. 902-910, 1968.

[34] J.A. Weiss, “A Phenomenological Theory of fReggia-Spencer Phase Shifter”
Proc. IRE, vol.47, pp. 1130-1137, June 1959.

[35] D. M. Pozar, “Microwave Engineering”, Seconditton, John Wiley & Sons,
NY., 1998

[36] N. R. Landry et al., “Practical Aspects of &bk Shifter and Driver Design for a
Tactical Multifunctional Phased Array Radar SystetEEE Trans. Microw. Theory
Tech, vol. MMT-22, pp. 617-624, June 1974.

[37] G.N. Tsandoulas, D.H. Temme, F.G. Willwerthohgitudinal section mode
analysis of dielectrically loaded rectangular wavdgs with application to phase
shifter design”, IEEE Trans. Microw. Theory Tecdn|.18, pp. 88-95, 1970.

[38] W. J. Ince, D.H. Temme, F.G. Willwerth, “TocbiCorner Chamfering as a
Method of Improving the Figure of Merit of Latchirigerrite Phasers”, IEEE Trans.
Microw. Theory Tech., vol. MMT-19, pp. 563-564, &uh971.

[39] C. R. Boyd, “Selected topics on reciprocatiterphase shifter design”, IEEE S-
MTT Workshop, June 2000

[40] W. Zieniutez, “Modes of Propagation in Slotnki with Layered Substrate

Containing Magnetized Ferrite”, Electronics Lettessl. 19, pp. 135-136, 1983.
106



[41] W.E. Hord, F.J. Rosenbaum, C. R. Boyd, JrThéory of the Suppressed-
Rotation Reciprocal Ferrite Phase Shifter” |IEEEN&. Microwave Theory Tech.,
vol. 16, pp. 902-910, 1968.

[42] W.P. Clark, “A High Power Phase Shifter foraBed-Array Systems” |IEEE
Trans. Microwave Theory Tech., vol. 13, pp. 78588,71965.

[43] A. Clavin, “Reciprocal Ferrite Phase Shiftars Rectangular Waveguide”
IRE Trans. Microwave Theory Tech., vol. MMT-6 , pp34, July 1958.

[44] R. Kasevich, E. Wantuch, P. Mahalic, R. Moof#jgh-performance high-
power analog phase shifter ” Proc. IEEE, vol.[§.,,1427 — 1429, 1969.

[45] AFT Ferrite Material Catalog, Revised: 2006

[46] E. Schloemann, “Theoretical analysis of twiaksphase shifters in rectangular
waveguide ”, IEEE Trans. Microw. Theory Tech., vid, pp. 15-23, 1967.

[47] W.P. Clark, K.H. Hering, A. Charlton, “TE-medsolutions for partially ferrite
filled rectangular waveguide using ABCD matricekEE Int. Convention Record,
vol. 14, (5), pp. 3948, March 1966.

[48] G. Klein, “Transient thermal behavior of labey ferrite phase shifters” , IEEE
Trans. Microw. Theory Tech., vol.15, pp. 429-4B867.

[49] TCI Ferrite Material Catalog, Revised: 2007

[50] J.J. Green, H.J. Van Hook, “Microwave Propestof Lithium Ferrites (Short
Papers) ”, IEEE Trans. Microw. Theory Tech., vo].gp. 155-159, 1977.

[51] W. Hauth, “Accurate analysis of latching phasafters”, IET Microwaves,
Antennas &Propagation, vol. 133, pp. 165-168, 1986

107



[52] G. Skutt, F.C. Lee, “Use of computer visualiaa tools for examining flux
distributions in magnetic structures”, APEC '95nffreAnnual , vol.2, pp.567-573,
1995.

[53] J. M. Park; D.C. Park; “X-band ferrite phadefter in waveguide geometry”
TENCON '93, vol.3, pp. 464 — 467, 1993.

[54] W.D. Callister, “Fundamntals of Materials Suie and Engineering”, Fifth
Edition, John Wiley & Sons, NY., 2001

[55] E. Stern, W.J. Ince, “Design of Composite Meiyn Circuits for Temperature
Stabilization of Microwave Ferrite Devices " IEEEahs. Microwave Theory Tech.,
vol. 15, pp. 295-300, 1967.

[56] G. Dionne, “Temperature and stress sensigigitof microwave ferrites” IEEE
Trans. on Magnetics, vol. 8, pp. 439-443, 1972.

[57] G. Rodrigue, L. Lavedan, L Hodges, G. Harristvagnetostrictive effects on
latching Ferrite devices ” IEEE Trans. Magnetiad, ¥, pp. 609-610, 1968.

[58] W.J. Ince, D.H. Temme, F.G. Willwerth, R.L. hit} “The Use of Manganese-
Doped Iron Garnets and High Dielectric Constantdueg for Microwave Latching
Ferrite Phasers ” G-MTT Int. Microwave Symp. Digp,. 327-331, 1970.

[59] Trans-Tech, RF/Microwave Products Catolag, iB&y. 2005

[60] J.J. Green, F. Sandy, “Microwave Characteioratof Partially Magnetized
Ferrites” IEEE Trans. Microwave Theory Tech., |.\a2, pp. 641-645, 1974.

[61] A. Abuelma‘atti, J. Zafar, I. Khairuddin, A.R. Gibson, A. Haigh, I. Morgan,
“Variable toroidal ferrite phase shifter ” IET Mmvaves, Antennas & Propagation,
vol. 3, pp. 242-249, 2009.

108



[62] J.J. Green, F. Sandy, “A Catalog of Low Powess Parameters and High
Power Thresholds for Partially Magnetized FerritedEEE Trans. Microwave
Theory Tech., vol. 22, pp. 645-651, 1974.

[63] E. Schloemann, “Theory of low-field loss inrpally magnetized ferrites ”
IEEE Transactions on Magnetics, vol. 28, pp. 338023 1992.

[64] F.P. Wohlfarh (ed.), Ferromagnetic Materia&isl. 2, North-Holland, 1980.

[65] C. R. Boyd, Jr., “Design Considerations Fortd&y-Field Ferrite Phase
Shifters,” Microwave J., vol. 31, pp. 105-115, Noumer 1988.

[66] Vaughn, J.T., Cox, P.R., Rodrigue, G.P., Hami, G.R., “Ferrite phase shifters
using stress insensitive garnet materials,” IEE&$r Microwave Theory Tech., vol.
43, pp. 1017 — 1022, 1995.

[67] Stoker, J.; Nisbet, W.T., “Hysteresis effeatsnon-reciprocal and rotary field

ferrite phase shifters,” IEE Colloquium on Ferritdaterials, Devices and
Applications, pp. 8/1 - 8/7, 1989.

109



APPENDIX A

GENERAL PROPERTIES AND MICROWAVE
CHARACTERISTICS OF FERRITE MATERIALS

Ferrite materials played an important role in micawe community for above 60
years because of their irreplaceable microwaveacharnistics. Material technology
evolved in years to respond the needs of the ma&vewndustry as new devices are
invented. In this Chapter general properties ofravi@ve ferrites are explained and

important microwave characteristics of ferrite nnialls are discussed in detail.

A.1 General Properties

Ferrites are mixed oxide, ceramic-like materialyitg ferrimagnetic properties.
High resistivity (on the order of 10.m) of ferrite materials allows them to be used
in high frequency applications without eddy cursemlicrowave ferrites are special
class of ferrite materials having dielectric constain the range 10 to 20 and
specially designed for the microwave applicatidrisey can be classified in 3 groups
in terms of their crystal structure: spinel fersitegarnet ferrites and hexagonal
ferrites. Spinel ferrites are manufactured by singea mixture of ferric oxide KL®3
and metal oxide MO where M is any divalent metal.phrticular lithium ferrites
(LiFe).Fe0,4, magnesium-manganese ferrite MgMpBg and nickel ferrite
NiFe,O, are commonly used in microwave devices. Garnetge ha general
composition BFe;0;, where R is a rare- earth element. The most impbgarnet
materials are yttrium iron garnet (YIG) and gadioim iron garnet (GdIG).
Hexagonal ferrite materials are used in developnoéntirculators, isolators and

phase shifters at millimeter wave frequencies [1].
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A.2 Magnetic Hysteresis

As in ferromagnetic and other ferrimagnetic matsrimagnetic flux density in
microwave ferrites do not change linearly with tqgplied magnetic field. This is
because of the complex interactions of magnetic alosn Figure A.1 shows
magnetic flux density variation of initially demagfized magnetic material with
applied magnetic field. For a demagnetized femtderial domains are aligned such
that their cumulative magnetic moments are zeromagnetic field applied domain
walls start to move increasing the size of the domaaving a component of the
applied magnetic field. This process is calflesnain wall movemenAt the knee of
the hysteresis curve there is a single domain artiefr increase of the magnetic
field causes to thdomain wall rotationprocess. When all domains are aligned in the
direction of H field, material cannot hold more matic flux and B field converges

to a point calledsaturation magnetizationBs or 47M, in units of Gaussinitial

relative permeabilityy; is the slope of the magnetization curve at origmu a

determines the ease of magnetization of the méateria

QO
ag_
_7;
&0+

A

&'6 Magnetic field strength, /7

H=0

B (]

=
W
2

Flux density, B (or magnetization, M)

Figure A.1 B-versus-H behavior for initially demagretized magnetic materials [54]
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Figure A.2 shows a complete magnetization curve fefromagnetic and
ferrimagnetic materials known agysteresis curveAt saturation, if the applied field
is removed, B field does not retrace its origirathp curve 1; instead it reduces along

curve 2 and reaches a value knowrreaaanentmagnetization, Bor 47M, in units

of GaussThe ratioB,/Bsis calledsquareness ratior remanence rati@and generally

high squareness ratio is wanted especially in ntagmecording and microwave

applications.
B
A
2
+B.
3
'Hc - H
4
'Bs / 'Br

Figure A.2 Hysteresis Curve

When magnetic field is reversed magnetic flux dgn®duces along curve 3 and at
coercive force K its value is zero.H. generally determines the ease of
magnetization of the material. Materals with Iblware called soft materials and they
are used in AC applications because of their lovgme#c field needs. However in
DC applications such as permanent magnets, hareriadatwith highH. values are
needed to make the demagnetization difficult. Farrtincrease of the H field in
reverse direction brings the material at negatataration magnetization poinBsor

-47M . As H field again is reduced to zero and increaseéorward direction,

magnetic flux density increases along curve 4 arstienesis loop is completed.
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A.2.1 Minor Hysteresis Loops

Hysteresis curve drawn in Figure A.2 is the majgstéresis loop obtained by
magnetizing the material to the negative and pasiaturation points. Actually
there are infinite numbers of minor hysteresis ®ayghich can be obtained by
applying smaller H fields. In Figure A.3 a majoojpoand several minor hysteresis
loops inside the major loop for YIG are shown. Bylging proper H fields, ferrite

materials can be operated in any point inside tapnhysteresis loop.

1040 G~_ |B

0.8 Qe
4 :

7

Figure A.3 Major and minor hysteresis curves for YIG [55]

A.2.2 Effect of Temperature on Magnetization

Characteristics of magnetic materials are alsau@mited by the temperature. As
temperature is increased, the magnitude of theuibahtion of the atoms increases
causing the atomic moments to rotate in randonttiines. This results in a decrease
of coupling forces between adjacent atoms in a mi@gadomain and thus a decrease
of saturation magnetization. At the critical temgiare calledCurie Temperature J
saturation magnetization value drops to zero. Thkiev of T, only depends on
composition of the material. In Figure A.4 hystesesurves for YIG at several
temperatures are shown. As temperature is increégseld width and height of the

hysteresis curve decreases showing the reductioraghetic activity.
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1040 G

25°C~

Iy

Figure A.4 Major hysteresis loop for YIG at severaltemperatures [55]

In Figure A.5 saturation magnetization for severabm temperature 1000G
materials are sketched for purposes of comparigioigAl ferrite is most severely
degraded in this respect. LiTiZn is the most terapge stable material having the
highestT, value. It is seen that Gd addition to YAIFe gargetatly improved the

temperature stability.

2000
LiTiZn Ferrite
— == YGdAiFe Garnet ‘
-------- YAlFe Garnet
20-70C
1500 =, —e——- MgMnAl Ferrite

1000

4wM, (G)

500

-100 300 300
T {°C}

Figure A.5 Saturation magnetization versus temperatre characteristics of room temperature
1000G microwave ferrites [56]
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A.2.3 Effect of Stress on Magnetization

Mechanical stress is another factor influencing ligsteresis characteristics. Ferrite
materials are magnetostrictive, i.e. their shapk sape changes when subjected to a
magnetic field as illustrated in Figure A.6. Mecltaihstress changes the direction of
magnetization via magnetostriction. As a resultrgrmanent magnetization level of

the ferrite material decreases [57].

The sources of the mechanical stress in ferrites@hshifters are the inexact
mechanical fitting between ferrite material and agwide housing or internal stress
caused by nonuniform RF heating in high averagegpaigvices. The former source
of stress can be reduced to acceptable levelsdpepmechanical design. However
the latter source of stress can severely affecanemt magnetization level regardless

of the precautions taken in the mechanical design.

In Figure A.7 change in hysteresis characterigticshe circular toroid given in inset
of the figure is shown for a thermal gradient of@Metween the inner and outer

walls.

@avavavavay

H Field
Magnetic domains
Material boundary

§6666 |~

Figure A.6 Schematic description of the effect of agnetostriction
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(2) AT=0°C

Force diagram (b) AT=20°C

Figure A.7 Effect of a 20°C temperature gradient bveen inner and outer walls of the toroid to

hysteresis characteristics [58]

The effect of applied stress on the remanant mamgtien of a number of
ferromagnetic toroids is given in Table A.1. Nottbat MgMn spinel ferrites are not
affected from stress whereas garnet type ferrites Mi-Co ferrites exhibit greater
magnetostrictive properties.

Table A.7 Effect of mechanical stress on remanemhagnetization for ferrite materials [59]

Material Group LM g B//By(o) at 3000 psi
680 1
MgMn Spinel 1250 1
2150 1
1400 1.55
Ni-Co Spinels 3000 0.93
3150 0.84
1000 0.84
Garnets 1200 0.88
1780 0.95

Thermal annealing of machined ferrite parts rekevtbe stress occurred when

mechanical finishing and improves hysteresis charitics as in Figure A.8.
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AS MACHINED THERMAL ANNEAL  1200°C—1 hr.

—

R N COERCIV REMANENT _ COERCIVE .
IIEEI.IA(I:‘TEO-I‘IJ — 285 gauss ngcg E _ 0.96 oerstads INDUCTION = 651 8auss  {peg’ = 077 0erstads

Figure A.8 Effect of thermal annealing on machinederrite parts [59]

A.3 The Permeability Tensor

The permeability tensor of a ferrite material mageel to saturation in +z direction

is represented as

“ o jk 0
[|=|-ijk u 0| (zbias) (A1)
0 0 4

The elements of the permeability tensor are given a

M= U, 1+M
0 woz — P (A.2)
— W,
K=Hy —woz _ 7 (A.3)

117



wherew, = H,, w, = y47M sand @ is the angular frequency of the applied signal.

For partially magnetized ferrites, i.e. for ferritmaterials magnetized bellow

saturation, the permeability tensor is similar @ns represented as [60]

4 jk 0
[u]=|-ix u 0| (zbias) Ad)
0 0 4

Using coordinate transformation permeability tenfeorferrite material magnetized

in +x and +y directions is represented as

Mo 0 O

[Wl=| 0 u jk| (xbias) (A.5)
0 ik
U 0 —jK]

lll=| 0 p 0 | (ybias) (A6)
ik 0

In the x-y plane if we defin@ as being coincident with y-axis and positive di@t
towards x-axis then the permeability tensor canldér@ved for general x-y directions

of magnetizations as [61].

UCOS O+ i, sin* 6 (u— pp)cosdsing  — jkcosd
[4]=| (u-pp)cosBsing  usin? @+, cos & - jksing A7)
jKk cosd jksing )7
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By assuming small magnetic losses in the ferritdenma, the elements of the

permeability tensor can be represented with redlimaginary parts as

M= =il
K=K-]K" (A.8)

Hp = Hp'=JHp"

The real parts of the elements of the permeahiétysor for partially magnetized

ferrite are used to calculate insertion phase aadjigen by

1 1 1 M 1
1= A 1)) K= M L

S

(A.9)
= - M % 2 1-(1’4’7‘”‘3)2 %+1
Hp = Ha M  Ho =3 w 3

where u, 'is the permeability of ferrite for the completetiemagnetized state

(4zM=0) and is plotted as a function gf47M ¢ / w in Figure A.9.

Note that the equations in (A.9) depend only on pemameters, the normalized

saturation magnetizatiory47M /w and the normalized average magnetization
y4r /e . In Figures A.10 and A.11 measured values of e parts of the
elements of the permeability tensor are plotted amction ofy47M / a. for several
values ofy47M  /w. The normalized saturation magnetizatig®t7M  /w is

changed by altering the temperature of the femiaégerial at a fixed frequency.
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Figure A.9 Demagnetized relative permeability for everal ferrite materials [60]
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Figure A.10 p' versusy4aM/® with y4aM Jm as parameter for pure YIG [60]
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Figure A.11 pp' versusy4aM/ o with y4nM Jo as parameter for YIG doped with 1% Dy [60]

A.3.1 Magnetic Losses and Low-field Loss Phenomenon

The imaginary parts of the components of the pebiligatensor are used in

calculating the magnetic loss in the ferrite stuoet In [62],it is shown that for

yAriM ¢l w< 0.7 the imaginary parts of the diagonal componenth®fpermeability

tensor follow a simple power law relationship

o A \"
M= iy =A{uj (5.10)

where A and N depend on the ferrite material contjpmsand tabulated for several

ferrite materials in Table 5.1

121



Table A.8 Measured values of loss parameters forseral ferrite materials [62]

Material Composition | 4Ms(Gauss)| A (x10%) N
YIG 1780 7.5 2.5
YIG+AI 1200 10 2.4
YIG+AI+Gd 1200 34 1.9
YIG+Gd 1200 50 1.8
MgMn 2150 16 2.2
MgMn+AI 1750 18 2
Ni+Al 2100 95 3

For y4rM ¢/ w greater than 0.7, magnetic losses of the ferriggermals increases

rapidly aslow field lossegPolder-Smit losses) set in. Absorption in ferntaterials
increases seriously when magnetization in thetéematerial is below saturation.
The physical mechanism responsible for the lowdfie@dss is a gyromagnetic
resonance in which the magnetization vectors ofospely polarized magnetic
domains precess around the directions of local D¥gmatization. The precessional
motion gives rise to a divergence of magnetizatibthe domain walls, and hence to
a RF magnetic field. Since the field is proportibttathe saturation magnetization,

the resonant frequency is proportional to the séitum magnetization [63].

In Figure A.12 and Figure A.13 increase of the nedignloss parameter’ is seen
with the increase ofy47M¢/w for YIG with 1% Dy doping and MgMn ferrite
respectively. Because of the low field loss effdots y47iM ¢/ w> 0.7 x" increases

at low magnetization level§his can cause unacceptable insertion loss modulati
for different phase states at different magnetiratevels for a practical ferrite phase
shifter.
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Figure A.12 " versus y4nM/ o with y4nM /@ as parameter for YIG doped with 1% Dy [60]
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Figure A.13 n" versus y4nM/ o with y4nM d/® as parameter for MgMn ferrite [60]
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A.4 Resonance Linewidth

In (A.2) and (A.3) it can be observed thatat «,, the elementg: and x become

infinity, indicating resonance absorption in thetemil. In practice the absorption is
broadened by the inhomogeneities in the ferritecstire and increase of RF power
level. The resonance linewidtiH of the ferrite materials is defined as the differe

between the magnetic field values at a constagquéecy where<' (or x") falls to

half of its maximum value as shown in Figure A.This phenomenon of resonance
absorption is utilized in nonreciprocal deviceslsas isolators. Nonreciprocal action
occurs because an incident circularly polarizedvwRive having the same sense of
rotation as that of an electron precession undergesonance absorption. On the
other hand, for the circularly polarized wave hgvapposite sense of rotation to that

of electron precession will not be attenuated agets no coupling [1].

Resonance linewidth on the order of 0.3 Oe canlieirted for single crystals of
YIG. Thus these high-Q (on the order of 3000) makerare used in YIG filters at

microwave and millimeter-wave frequencies.

K" (or x") R

max

max

v

Hreg: Cb/y HO

Figure A.14 Definition of resonance linewidth

124



Note that for ferrite phase shifter applicationsevehthe ferrite material is partially
magnetized, resonance linewidth has small effect nmagnetic loss since the

operation is far below resonance.

A.5 Spin-wave Linewidth

The spin-wave linewidtliHy is a measure of the peak power handling of thetder
material. As RF power in the ferrite material isr@ased, the precession angle of the
electrons increases to accommodate the incidenepaddeyond some critical RF
power P; no further power can be absorbed via resonancénanesn and spin-
waves having half the precession frequency ardgexkchAs seen in Figure A.15 when
spin-waves are excited, main resonance peak loamdsbroadens. In addition, a
subsidiary resonance occurs at a DC magnetic beldw that required for main

resonance [1].

SUBSIDIARY FERROMAGNETIC
RESONANCE RESO!IANC[

RELATIVE ABSORPTION

b - ——— -

APPLIED dc MAGNETIC FIELD, (H)

Figure A.15 Broadening of the main resonance and gielopment of subsidiary resonance at

high power levels [59]

The critical RF power level is related to the catimagnetic field strengtt., which
depends on spin-wave linewidth, saturation magattia and signal frequency and

is given by [64].
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(A.11)

It is observed from (A.11) that the valueHf, thus peak power handling can be

increased by increasindH, or by lowering saturation magnetization. In Figure

A.16 frequency dependence &f. for several commercial microwave ferrite

materials are giverH., increases almost linearly with frequency for aliterials as

expected from (A.11).
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Figure A.16 Frequency dependence of critical RF Héld level for several ferrite materials [59]

Addition of rare-earth metals such as*&dnd H32 in the ferrite material increases

AH, and consequently., because of the fast relaxing nature of these ions

However addition of these ions in the crystal dtrices causes the intrinsic linewidth
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of the ferrite material to increase resulting iniacrease of insertion loss at low RF
power levels. This trade-off is given for a praatiphase shifter using a garnet
material doped with different levels of Hoin Figure A.17. As RF power is
increased beyond the critical level, insertion l@dsthe phase shifter starts to

increase as the spin-waves are excited.

: T IIII
G AP 55 Ge

oy
!;.- Materal; TT G-1001 a1  Ho
g3 l !
- 0 Ho ’
:, TR
= 03 Mo
I .
0
! 2 N 10 20 5 100

Peak Power (kw)
Figure A.17 Peak RF power dependence of insertionds of a C-Band phase shifter for different

levels of Ho substitution [59]

A.5.1 Polycrystalline Grain Size Effects on High Power

Characteristics

Reduction of the polycrystalline grain size incesashe critical power level of the
ferrite material by providing sufficient discontityito break up spin waves [59].

In Figure A.18 measurement results of the insertims of a C-Band phase shifter
shows the increase of the instability thresholdgesn size is reduced. Note that
insertion loss at low RF power levels remained sanwsvever coercive forckl; of

the ferrite increases due to domain wall involvetnen
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Figure A.18 Peak RF power dependence of insertionds for different grain sizes [59]
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DATASHEETS FOR COMMERCIAL FERRITE PHASE

APPENDIX B

SHIFTERS

B.1 X-Band Twin-Toroid Ferrite Phase Shifter

Parameter Specification
Bandwidth 10% at X-Band
Peak Power 1500W
Average Power 75W

Phase Coverage Min. 360°
Phase Resolution 6 bit (5.6)
Insertion Loss 1.00 dB max.
Insertion Loss Modulation +0.2 dB
Return Loss 20.0 dB min.
Phase Accuracy <4° peak
Phase Repeatability <7I

Operating Temperature Range -30°C to +60C
Switching Time <10us

Power Supply +15V, +5V
Driver Control 4 LVDS lines
Other Microwave Characteristics Nonreciprocal, Latching
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B.2 X-Band Rotary-Field Ferrite Phase Shifter

Parameter Specification
Bandwidth 10% at X-Band
Peak Power 1500W
Average Power 100W
Phase Coverage Min. 360°
Insertion Loss 1.2 dB max.
0.9 dB avg.
Return Loss 17.7 dB min.
Phase Accuracy < 3.5 RMS
Operating Temperature Range -30°C to +60C

Other Microwave Characteristics

Reciprocal, Latching

Size (with analog driver circuit)

3.87 x6.81 x 0.7 Inches

Weight

12.3 Ounces
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