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Abstract—Dielectric materials are continuing to play avery im- a rod of dielectric material having high dielectric coefficient
portant role in the microwave communication systems. These ma- relative to unity. Another typical guide comprises a metallic
terials are key in realization of low-loss temperature-stable res- pipe, containing only a dielectric medium such as air. A

onators and filters for satellite and broadcasting equipment, and ific dielectri ide which b idered i lind
in many other microwave devices. High dielectric-constant mate- SPECITIC GIEI€CIIC guide which may D€ considered IS a cylinaer

rials are critical to the miniaturization of wireless systems, both Of ceramic material having rutile (titanium dioxide) as its
for the terminals and base-stations, as well as for handsets. In this principal constituent” [2].

paper, a sequential evolution of the dielectric materials applica-  Due to radiation losses, dielectric waveguides are usually
tions in microwave devices will be rewewed.Thls_lncludes_dlele_ctrlc used at millimeter wavelengths, where electromagnetic field
waveguides, low-loss temperature-stable ceramic materials, dielec- ) . . . : o
tric resonators, and filters. The recent advances in the multilayer are mo_re confined _m a dielectric, and metal waveguides exhibit
circuit modules, dielectric antennas, and ferroelectrics are also de- €Xcessive conductive loss. The most notable use of such waveg-

scribed. uides is at optical wavelengths-multimode or single-mode

Index Terms—Ceramics, dielectric antennas, dielectric mate- optical f|ber. 'S. the primary light-guiding medium used in
rials, dielectric-resonator filters, dielectric-resonator oscillators, t€lecommunication today.
dielectric resonators, ferroelectrics, microwave devices, microwave  Besides electromagnetic-field guiding structures such as

filters, miniaturization, multilayer modules. waveguides, high-quality resonating elements created from
specially terminated waveguide structures are key to the
I. INTRODUCTION function of most microwave circuits and systems.

S ) ) The term “dielectric resonator” (DR) first appeared in 1939
ROM A historical perspective, guided electromagyhen Richtmyer of Stanford University showed that unmetal-
~netic-wave propagation in dielectric media receivegyed dielectric objects (toroid) can function as microwave res-
widespread attention in the early days of researching mjnators [3]. However, his theoretical work failed to generate sig-
crowaves. Surprisingly, substantial effort in this area predatggicant interest, and practically nothing happened in this area
1920 _and includes such famous scientists such_ as Lggf over 25 years. In 1953, a paper by Schlicke [4] reported
Rayleigh, Sommerfeld, Bose, and Debye [1]. It was discovergg syper-high dielectric-constant materiais1000 or more)
early that dielectric structures can guide electromagnefiag their applications as capacitors at relatively low RF fre-
waves, and that fields of these waves extended partially ifencies. In the early 1960s, researchers from Columbia Uni-
surrounding space. _ versity, Okaya, and Barash, rediscovered DRs while working
On August 23, 1935, Southworth received U.S. Pategh high dielectric materials (single-crystal Hi@utile), para-
patent disclosure, he stated that “The wave guiding structyfg first analysis of modes and resonator design. Nevertheless,
may take a variety of forms: typical is a guide consisting ghe DR was still far from practical applications. High dielec-
tric-constant materials such as rutile exhibited poor tempera-
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DRs utilizing the composite structure of positive and negative

temperature coefficients were reported by Konishi [9]. Later, a E

modified barium—tetratitanate with improved performance was

reported by Bell Laboratories [10]. These positive results led Ground plane
to actual implementations of DRs as microwave components. () (b)

The materials, however, were in scarce supply and, thus, were
not commercially available. The next major breakthrough
came from Japan when the Murata Manufacturing Company
produced (Zr-Sn)TiQ ceramics [11], [45]. They offered ad-

justable compositions so that the temperature coefficient could Ground plane
be varied betweer-10 and—12 ppm/C. These devices be- (c)
came commercially available at reasonable prices. Afterward, £ g<e,

the theoretical work and use of DRs expanded rapidly.
&

Il. DIELECTRIC-WAVEGUIDES AND COMPONENTS

X ) ) Ground plane
Although dielectric materials are frequently used as the

substrate for microstrip lines and coplanar waveguides for
microwave and millimeter-wave integrated circuits, this paper
will not discuss such applications since they will be treated
elsewhere in this RANSACTIONS Rather, dielectric-waveguide
families and their component applications will be described.
Due to space limitation, even this subject cannot be fully
described and, hence, only a limited number of examples are (e)
included. Readers with sufficient interest in this subject may
consult with some of the references [12].

Obviously, dielectric waveguides have been extensively used
at optical frequencies where no “good” metal conductor exists.
It has been considered, therefore, that the dielectric waveguides
may be useful at millimeter and submillimeter-wave frequencies ®
where the nature of the guided wave could be closer to the one / Condutor
at optical frequencies. However, certain modifications are often
required such as the ground plane in the image guide to provide
the heat sink, and the dc-bias return of solid-state devices to
be implemented in the dielectric waveguide. Fig. 1 shows cross N
sections of some of the dielectric-waveguide configurations. Conductor

Most dielectric waveguides are found to provide relatively ©)
low propagation loss, as there is no place where the currentig 1. Cross section of typical dielectric waveguides. (a) Dielectric rod
crowded. On the other hand, these are difficult to use for colffaveguide. (b)_ Im_age g_uide_. (c) Insulator guide. (d)_Strip dielectric_guide.
plicated circuit configurations involving discontinuities, shar;()e) Inverted strip dielectric guide. (f) Trapped image guide. (g) NRD guide.
bends, and truncations due to radiation, except for the case of the
nonradiating dielectric (NRD) waveguide [13]. From the eleanany two- and even one-dimensional periodic structures being
tromagnetic-field point-of-view, this radiation loss is obvious astudied as part of the PBG family.
the waveguide is theoretically made in an open space. One of the periodic structures in a dielectric waveguide based

It turns out that only relatively simple microwave compoen the stopband (or bandgap, in PBG terminology) and on the
nents can be fabricated such as forward directional couplers aleflect mode is a Gunn diode oscillator made of a dielectric
simple phase shifters. The most successful components haxeeguide, as shown in Fig. 2 [15].
been in the area of antennas, either surface-wave antennas or
|eaky-Wave antennas. The former is typ|Ca”y made of a pOinted Il. M ICROWAVE DIELECTRIC MATERIALS
rod consisting of dielectric material, while the latter is typically ) .
made of periodic perturbation along the dielectric waveguide At Microwave Properties [16]
should be emphasized that the periodic structure in a waveguidét microwave frequencies, according to the classical disper-
has been extensively studied [14] and has also been used exs@m theory of dielectric [17], the dielectric constaiit) is
sively in the optical regime in such forms as the distributed feednchanged, and dielectric loss increases with frequéiigy
back laser. Itis interesting to note that recently there occurredlaerefore, the produdt@ - f) describes these basic proper-
renewed interest in periodic structures often under the nameties of each dielectric material. To advance the technology of
photonic bandgap (PBG) structures. Although PBG in its orighese materials, it is extremely important to accurately measure
inal form is a three-dimensional periodic structure, there atleeir properties. Kobayaskt al. have improved the Hakki and

(d)
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L L2 4 4 TABLE |
| ‘ ] | |“ REPRESENTATIVEMATERIALS FOR MICROWAVE APPLICATIONS
h L Z “ 7 2 .7 7
% 2 X 2 Materials K | Qxf 7,  |Refer
Diode Ground plane GHz -
ences
\ ppm/°C
. MgTi05-CaTiOs | 21 +10~- | [11]
w & 55,000 | 10
Ba(Sn,Mg,Ta)O; |25 O+5~-| [27]
Fig. 2. Gunn diode oscillator made of dielectric waveguide with periodic
perturbation (from [12]). 200,00 | 5
0
| Re0-PLO—Nd, 0, -TiO, Ba(Zn,Ta)0; 30 +5~- | [28]
R 168,00 |5
50 0
(2r, Sn}TiD,
" : BajZr, Zn, Tai0, Ba(Zr,Zn,Ta)0; |30 +5~- | [29]
i Ba(3n, Mg, Tail
TF “MeTiO, ~CaTio, (8, Mg, Taiy 100.00 |5
0
£00,0008 |- (Zr,Sm)TiOy 38 +5~- | [22]
= 50,000 |5
L4
2 I B EBalSn, Mg, Ta}O,, QX {=200,000
g oM Ba;TioO2 40 +10~- | [20]
L ]
% g BalZr, 2n, TalQ,, QX 1= 100,000 32,00 |+2
< 100000
M (2,501 TiO,, QX f= 60,000 0
500001 ="
o i T 12r, Sn} Xi0,, Qxf= 50,000 BaO-PbO-Nd,03- |90 | 5,000 | +10~- | [22]
- P MgTiO,—CaTiO,, TiO, 10
20,000 ¢
0 F . . .
o of a mixture of MgTiQ; (7, = —50 ppm/C) and CaTiQ
soooh K Ba0-PhO-Nd,0,-Ti0;, O X f= 5000 (ry = +900 ppmfFC). Approximating, thek value and
L T can be predicted as the mathematical average of each

Fig. 3. Frequency dependencelofand( values of representative dielectric

materials.

Coleman method [18] to measure the loss tangent with greater
accuracy [19]. This advancement accelerated the development
of new materials.

Fig. 3 shows the frequency dependencéoand((Q - f) for
representative materials and is the temperature coefficient
of resonant frequendyfy). These characteristics were obtained
by measuring the microwave dielectric properties of low-loss
materials using Kobayashi’s method of a dielectric rod resonator
short circuited at both ends by two parallel conducting plates

[19].

B. Current Materials
Table | shows the characteristics of the representative dielec-
tric materials currently available.

1) The MgTiO;—CaTiO; system is well known as Class | ce-
ramic capacitor material since the 1940s, and is composed

constituent’s properties weighted by a volumetric frac-
tion.

2) BaO-4TiQ is also widely used for ceramic capacitor di-

electrics of K = 36 since the beginning of the 1950s.

The BaO-TiQ system shows very complicated phase

relations and a variety of properties with compositional

changes. A slightly different Bai90,o ceramic was pro-
posed in 1974 as a high-and highé&) resonator material

by O’Bryan [20]. Later, this system was modified by the

addition of WG, to improve( value [21].

3) (Zro.sSny.2)TiO4 has a highg and good temperature sta-
bility [22]. Its phase relations were reported in 1981 [23].
The effects of the donor and acceptor iongamé of this
material were investigated. It was shown that the donor
decreases thian 6 at microwave frequencies [24].

4) Ba(Zn3Tay/3)03 family represents a class

of materials having extremely high- value.

Ba(zZn,Ta)@-Ba(Zn,Nb)Q ceramics were reported

in 1977 [25]. Since then, many researchers have

investigated these materials, which have a complex per-
ovskite structure. Among this family, Ba(zZn,Ta)@nd

Ba(Mg,Ta)Q [26] are the most promising to obtainta

2 4 & 8 ] 12 % AL 1B
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-100 modes is shown in Fig. 5. Such mode charts are very useful as
— design tools for many applications. Electromagnetic-field dis-
g -0 O PEONGOTTIo: tribution for these modes is presented in Fig. 6 [38].
g /"f K=90
£ -120 . .
é MgTiOs-CaTiOs A. Typical Fundamental Single-Mode Resonators
T -130 /)| K2t Fundamental resonant modes of DRs commonly considered
§ p 4,,3,, TiOs(low purity are theTEqs mode,iMow mode, anpl TEM que. .
g "140 / P (% K=38 The TEM mode gives the largest size reduction (over 1/20 in
8 ) volume). Furthermore, the stepped-impedance structure enables
o 180 A additional reduction in size, as well as improvements in spurious
@ p U response characteristics [41], [42]. However, this mode has the
-160 K=38 )
/‘;Z,Sn)ﬂo‘(higwuﬁy lowest u.nloade(dg. The other two modes redupe the.S|ze pf the
470 A Ed composite resonator to 1/3-1/5 of a conventional air cavity.
=g
-180 5 3 556 50100 V. DR FILTERS
E(V/mm) Microwave filters are widely used in radar, satellite, and mo-
bile communication systems. These are typically narrow-band
Fig. 4. IMD of several dielectric materials. bandpass devices with stringent specifications for passband in-

sertion loss, stopband rejection, power handling, and physical

value higher than 20000 at 10 GHz. These materials aige. They are normally constructed by arranging coupled reso-

finding applications at frequencies higher than 10 GHz hantcircuits (resonators) to achieve a specified frequency-selec-
5) The BaO—PbO—NgD;—TiO, material has a high dielec- tive transfer function [43]. The number of resonators determines

tric constant of 90 [22]. This material is widely used athe rate of change of attenuation from passband to stopband,

lower frequencies of around 1 GHz. Isvalue of 5000 €+ the selectivity. Practical devices may have ten or more res-
is just sufficiently high enough for use at these frequer?—”ators- It is well known [44] that the passband insertion loss
cies. is proportional to the number of resonators used, i.e., the de-
Dielectric materials such as TiOrich compounds of the 9r€€ of the filter, and is inversely proportional to the fractional
ternary system BaO-N®,—TiO, such as BaNglTi; O, and bandwidth and the unloaded factor (Qu) of the resonators.
BaNd,Ti;O,; have been investigated in [30]. For example, a tenth-degree Chebyshev bandpass filter with a
Material of the BaO—Sg0O,—TiO, system has & of 77 center frequency of 2 GHz and a bandwidth of 10 MHz requires
and Q of 10000 at 1 GHz. This is higher than that of thé resonator Qu of 25000 in order to achieve a mid-passband

BaO-PbO—NgO;-TiO, system [31]. insertion loss of 0.5 dB. This level of difficulty is a relatively
common requirement for filters in cellular radio base-stations.
C. High-Power Characteristics A Qu of 25000 is impossible to achieve using a traditional air

Devices used for base-stations of the cellular svstems fill(gd coaxial resonator and would require waveguide resonators
. o . yste WMt are generally too large at low microwave frequencies.

satglllte communication systems are typically required 1o The first practical DR loaded microwave filter was reported

satisfy extremely low levels (of less thanl70 dBc) for the tthe 1975 IEEE MTT-S International Microwave Symposium

intermpdulation diSthtion (IMD) products  during norma@alo Alto, CA [45]. Fig. 7 shows the schematic construction of
operation. The technique used to measure the extremely IﬁWs 6.9-GHz filter. The DR duplexer for marine satellite sys-

distortion Ie_vel was deyeloped n [32]. To measure thlrd_ord‘?erms, with isolation between transmitter (Tx) and receiver (Rx)
IMD, two high power signals with frequencies of andws orts of over 90 dB was reported in 1977 [46].

are injected through' the connectgrs on bo'th ends of the t.hPe he most commonly used DR structure is still the cylindrical
DR samples. The third IMD level is determined by comparlnguspended DR structure shown in Fig. 8.

:22 ﬁ}?&?{;f‘égﬁi&?ﬁ;gﬁ;ﬂ%%uztfhdesggiare dufch)irgr:ﬁ/lD The relative dielectric constant is typically between 20-80
: . ; .~and the DR is remote from the enclosure. At the resonant fre-
gatg cgbtgrel\(le glffe_lr_ggt resgrl\I/lat?rr mact:er_:_gls, ;e., (Zr’ﬁnﬂloquency, most of the electromagnetic energy is stored within the
hizgi]h_purity_ (Zgr, é;)':'i é 2Eowsg al%e_ryalolwqgldisr::)?tri]gr: IZ?/Z’I. dielectric. The enclosure stops radiation and because the enclo-
Consequently, this material finds use in high-power filters for e 1S remote, the_resongnt frequer_lcy of Fhe structure Is Iarge_'ly
cellular base-stations [33], [34]. contrc_)lled by the dimensions an(_j d|ele9tr|c constant of the di-
' electric. The®, of the resonator is dominated by the loss tan-
gent of the ceramic material. The structure supports a funda-
IV. DRs mentalTEq; s-mode resonance. The field pattern and resonant
Comprehensive studies of modes in DRs including the moffequency may be approximately computed by assuming that
chart for the cylindrical resonator system were published llge lateral surface of the DR behaves as an ideal magnetic con-
Rebsch [35], Courtney [36], Kobayashi [37], [38], Zaki and Atialuctor. In other words, there is a zero tangential magnetic-field
[39], and others [40]. The DR mode chart, including hybridomponent on the curved surface of the DR. The magnetic wall
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o — this method for
e E,=100 ana Mp =1
i By
oo . .
591 "£ -~-magnetic wail cylinder model
0 1 1 4 ] L for € =100; and % =00
) 1 2 3 4 ] 3 7 .} 9

(O/n
Fig. 5. DR mode chart.

boundary condition is assumed to continue into the air spaseme volume reduction by modifying its geometry [51]. By po-
above and below. The ratio of the fundamental resonant figtioning the DRs on the base of a housing, Hig;;s mode
guency to the first spurioldE, ;s mode resonance is typically is lowered in frequency and becomes the fundamental mode. A
1.3:1, although this may be improved to 1.5: 1 by inserting@nducting disc may then be placed on top of the DR. The con-
hole in the center of the DR. As a greater percentage of magneticctor loading on both ends prevents any tangeiitifield at
than electric energy leaks from the DR, resonators are couptld top and bottom of the DR. Thus, a good simple model for
magnetically via irises in the filter body. A typicdlEq; s filter  this structure is th&#M; ;9 mode, as in ferrite circulators. A typ-
for cellular base-station applications is shown in Fig. 9(a), amnchl dual-mode resonator of this type achieve@},aof 6300 at
its measured performance is shown in Fig. 9(b). 900 MHz in a 6.5x 6.5 x 4 cm cavity. Typically, devices of
Even with a permittivity of 45, a typical 900-MHz resonatothis type (shown in Fig. 11) occupy 50% of the volume of an
occupies a cavity size of & 8 x 5 cm. Thus, size-reduction equivalent coaxial filter.
techniques are of critical importance. An alternative and interesting structure uses grounded
The first significant technique was a dual-mode DR filter, redielectric rods operating in the single modéVy;s mode
ported by Fiedziuszko in 1982 [47]. A picture of this type of def52]. This provides less volume reduction, but with a simpler
vice is shown in Fig. 10. In this case, the dual-degendi@tg s physical structure.
mode is used. Couplings between resonators are via crucifornTriple mode versions of th&'Eg;; resonator are possible in
irises in the filter body, enabling both resonances in each caviifructures with a three-dimensional symmetry. Electrically, the
to be coupled to the resonances in adjacent cavities. In this wagtimum geometry is a sphere, although this would not be op-
filters with complex transfer functions may be realized. Thegamum in volume manufacture. Alternatively, a dielectric cube
devices are now routinely used in satellite communications aggn be used if a slightly worse spurious performance can be
plications. Subsequently, this work was extended by Zaki [48blerated. These support triple-mod&’;;; resonances with a
Kobayashi [49] (triple-mode filter) and Guillon [50]. similar @, to the TEq;s mode in approximately one-third of
GSM cellular radio base-stations typically need resonatdise physical volume per mode. For narrow-band low-loss filters,
with unloaded@® factors of 5-6000. These are normally realgeneralized transfer functions with arbitrary transmission zero
ized using coaxial air-filled resonators and are quite large. Itlzcations are needed. This requires multiple cross-couplings be-
possible to trade off some of thig, of theHE s resonator for tween multimode cavities. Fig. 12(a) shows such a filter with
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Fig. 8. Commonly used DR structure.
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Fig. 6. DR modes.

0 A5 8
L°° e 208 0 N I 5

Adjusting Screw for Qg CDM""_
| Transmit
Fine tuning Screw  Tuning Screw for the Coupling (b)
for f; / and neighboring Higher Mode
3 Fig. 9. DR filter for cellular base-station. (a) Structure. (b) Measured

g_ﬂ_r_‘j_ﬂ_c‘ performance.

O@ e 7 E}% O odd-mode admittances of the network shown in Fig. 12(a). Both
~ of these can be realized as third-degree ladder networks using a

single triple-mode resonator.

Fig. 7. Structure of 6.9-GHz DR filter. Itis interesting to note that this device may be converted into

a bandpass filter by inserting an extra quarter-wave line in one

all transmission zeros at finite frequencies. An alternative [5Bfanch of the hybrid.

approach to synthesize the filter is to use the hybrid reflection A compact bandpass filter having low loss and good spurious

filter shown in Fig. 12(b). Here, Ye and Yo are the even- antharacteristics can be constructed by placing ghM; 5 di-
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Fig. 10. Dual-mode DR filter configuration.

Fig. 11. Conductor-loaded dual-mode DR filter configuration.

electric rod resonators coaxially infaVly; cutoff circular wave-
guide, as shown in Fig. 13 [54]. The resonant properties of this
resonator compare favorably to a conventicriBh; s mode DR,
particularly in realization of a high unloadeg. A four-stage
filter having bandwidth of 27 MHz at a center frequency of
11.958 GHz was fabricated with an insertion loss of 0.5 dB,
which corresponds to an unload@af 17 000, and with no spu-

0 Kot 1 K12 2 K23 3
o O O O
input
K34
Ke7 Ks6 Kas
O O O
output 7 6 5 4
(@
output
®2 3 ¥
20 O €
even and odd
mode subnetworks
of a bandpass
/ filter
2
1o0—2 o Yo
\ 7
R 3 dB hybrid constructed
nput from inverters
(b)

Fig. 12. (a) Coupling diagram for cross-coupled filter. (b) Hybrid reflection
filter configuration.

SRM connector Tuning screw  Dielectric rod resonator

-~y J N /
= -] ] ] o 9|
I (17 /
wlel @ =] /
8.7

TMo: cutaff circular waveguide /Resonator support

Fig. 13. Construction of TM-mode filter.

rious responses in the frequency range below 17 GHz [54], [55].

A. TEM-Mode Filters

Fig. 14. TEM filter realization.

For applications requiring a Qu of less than 1000, partiallgpen. In a homogenous structure, this would result in zero cou-
or completely loaded TEM resonator filters can be used inging between the resonators. The coupling is created by intro-
very compact configuration [56], [57]. One possible realizatioducing a layer at different permittivity on one side of the filter,

is shown in Fig. 14.

such as a printed circuit board.

Here, circular holes are drilled in a high-permittivity block. There are several reports on bandpass filters using coaxial
They are plated and grounded at one end with the other end IEEM-mode DRs [58]-[61]. In the last seven years, the size
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Tuning knob

/ Handle

e /Tuning lock knob

Input terminal

Isolator

Dielectric rod

TEO1 & dislectric
resonator

Ceramic shielding
cavity

Fig. 17. Structure of high-power channel-dropping filter.

Metal C
TM dual mode ase

resonator

Fig. 18. Structure of dual-mode six-pole combining filter.

The shielding cavity is made of ceramics metallized with fired
silver. This filter has high stability versus both temperature and
high power of 60 W. The center frequency of this particular
filter can be adjusted (even during operation) at the cellular site
without changing the filter's basic performance.
Fig. 16. Structure of monoblock dielectric antenna duplexer for cellular FOr theTMj;q triple-mode DR, three dominant modes are in-
portable phones. dependent in the intersecting area where their field distributions
are orthogonal to each other. The small rods on the resonator
and weight of antenna duplexers for mobile telephone terminalgis are used for tuning the resonant frequency. The size of the
were reduced to about 1/10 by using this technology. filter is reduced to almost one-third in volume as compared to a
Fig. 15 shows the first generation of an antenna duplexer fsihgle-mode filter.
the car terminal of an AMPS system. Cu-plated quarter-wave-Fig. 18 shows thé['M;1o dual-mode high-power duplexer
length TEM-mode resonators are placed in an aluminum cafgg], [69]. Under RF power of 500 W, the temperature rise of this
Resonators and input/output terminals are coupled capacitivifier was 15°C, the increase of the insertion loss was 0.03 dB,
by a coupling plate array) [59], [61]. and the level of the third-order intermodulation was less than
The structure of a filter using the parallel alignment of-170 dBc, which was the limit of the sensitivity of the mea-
TEM-mode rectangular resonators was reported by Fukazagigement system. The Tx filter consisted of four sections, one
[62], [63]. TM;10 dual mode and twd'M 1, single-mode DRs placed in
Dielectric monoblock filters metallized by the copper electraa TE, rectangular waveguide below cutoff. The Rx filter con-
less plating on the surface of a body (except input/output portssted of six sections; thréBM; ;, dual-mode DRs. The size of
have been reported [64], [65]. Fig. 16 shows the antenna dHe duplexer was 258 140 x 60 mn?, which is about 20% of
plexer for cellular portable phones [66]. a conventional air cavity type duplexer.
The DR filter, as shown in Fig. 19, is constructed of one-
guarter of al'Eq;s-mode dielectric ring resonator [70]. As a
Fig. 17 shows the construction of the channel-dropping filtashielding conductor, two metallized ceramic substrates are used
[67]. This type of filter contains high-purity (Zr,Sn)TiCres- to eliminate the stress due to the thermal expansion between
onators, which havé values higher than 40 000 at 900 MHzresonator and cavity. Another feature of this structure is that the

B. High-Power Filters
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Silver-metalized molli tayer ceramic
ceramic substrate

Coupling loop of K38

Frequency
tuning screw

Metal housing
Quarter-cut TEqy5 (c;;;:.ﬁ?r

Image Resonator

Fig. 19. Construction of quarter-cut image resonator filter.

Fig. 21. Structure of multilayer transversal filter.

reported for portable telephone applications [72]-[74]. Multi-

GROUND PLANE chip module (MCM) substrates and devices with embedded re-

sistor, capacitor, and inductor elements in the interlayer were
DUMMY LAYERS presented in [75]-[78].
2) Transversal Filters:Fig. 21 shows a multilayer
ELECTRODE transversal filter using higl¢ and low-loss ceramics [79],
PATTERN . A : N .
[80]. By using the stripline in this design instead of a mi-
OUMMY LAYERS crostrip, radiation loss is eliminated. This provides higher
and lower coupling with other circuit elements. Due to the fact
gcmunn PLANE that this is a nonresonant transmission-type device, insertion
loss is remarkably reduced as compared to the case of an
(a) energy-storing resonator-type filter.
° N -
g { 'Reflection D. Dielectric Antennas
§% Several types of miniature antennas are now in use. A mi-
g Transmission crostrip antenna (or patch antenna) for the Rx of a global po-
% 40r sitioning system (GPS) using a high-dielectric substrate has
555 = i o 35 7050 several advantages such as _smaII size, narrow frequgncy band,
Frequency (MHz) and good_ temperatur_e _stablllty. Th_|s ante_nna hf_;ls axially sym-
metric gain characteristics around its vertical axis, therefore, it
®) is highly useful to receive signals from any direction.
Fig. 29. Configuration and characteris_tics of_ semilump€dnultilayer filter. Fig. 22 shows the schematic structure of a dielectric Chip an-
Insertion loss: 4 dB. Volume: 0.07 émDimension: 5.7 5.0 2.5 mm. tenna for mobile telephone terminals. The antenna gain is lower

than that of a conventional whip antenna, nevertheless it is high
mirror walls act as the heat conductor between the resonator @nme@ugh for a microcell system. This type of antenna would be
the heat sink or heat radiator This allows higher power operatithre key for future miniaturization of handset or small-office
and the suppression of spurious responses. local area network (LAN) system.

VI. APPLICATION TOACTIVE DEVICES

By combining planar circuit technology with multilayer ce+ Active DR Filters

ramic substrate and packaging technologies, several types of min an active filter configuration by the use of an active
crowave hybrid circuit components and modules have been fieedback resonator method, a DR intringjc of 1500 was
veloped [71]. Low-temperature cofired ceramic (LTCC) techincreased to over 50 000. This enabled the realization of a small
nology enables the design of Cu wired multilayer substrates.size 800-MHz-band receiving filter with a sharp stopband.
1) Chip LC Filters and Multichip Modules (MCM)Fig. 20 The center frequency of the filter is 845.75 MHz, stopband
shows the schematic drawing of construction and characteristigslth is 1.0 MHz, rejection is 30 dB, and the size is %5
of a semilumped circuit.C filter using LTCC technology. The 180 x 25 mn¥ [81]. The overall filtering assembly consists
sizeis 5.7x 5.0 x 2.5 mn? [72], and various LTCC filters were of a dielectric antenna filter and three active band-stop filters,

C. Multilayer Circuit Modules
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Typei Type2

. radlation electrode radiation efectrode radiation electrode
ceramics

| output terminal

4| output terminal
2=
ground electrode

ground electrode

output terminal

Fig. 22. Typical structures of dielectric block antenna for cell phone hand set.

each sharply eliminating one band in the passband. The actugperficially the electrical analog of ferrites. That s, they exhibit
band-stop filter was designed to obtain maximum stability ardD—E loop. A detailed explanation of the physics and chem-
an optimum noise figure of the assembly. istry of ferroelectrics is beyond the scope of this paper, but the
The center frequency of the filter changes withif30 kHz following gives the basic idea. In some crystals, the positive and
and the noise figure in the passband is adequately small. Tregative ions can have two equilibrium positions. Each of these
size of the dielectric receiving filter assembly is 4850 x  positions produces a different net electrical polarization. Be-
44 mn¥, and this volume is less than 1/20 of a conventional filteginning with a random spatial distribution of these orientations

using cavity resonators [82]. within a sample, there will be some value of net polarization. If
an electric field is applied to the crystal, the ions will move to the
B. DR Oscillators position that is more energetically favorable. If the electric field

'|§ then reversed, a certain minimum amount of energy must be

High- temperature-stable DRs can be used as stabilizi 9 before the | to the oth ilibri
elements for microwave oscillators. This application wad/ercome belore the 1ons can move to the other equitibrium po-

first proposed by Day [83]. In 1977, a 4-GHz BiyOuo sition. This gives rise to the hysteresis behavior of polarization
resonator integrated with an Si bipol’ar transistor in a comh. VErSUS the applied electric field, similar to the hysteresis in

pact oven demonstrated a frequency stability of 5 ppm/yrp,agnetic fluxB versus magnetizing field seen in ferrites. A

4 °C-60°C (40°—4C"). This fundamental frequency oscillator €Manent polarization and coercive field characterizefthe’

is significantly simpler than alternative generators and hé\%Op' Above the so-called Curie temperature, thermal agitation

10-20 dB lower phase noise [84]. An 18-GHz generator w58YS€S spontaneous movement of the ions from one state to the
also described, which uses a 4.5-GHz oscillator circuit andogmr’ and the material then behaves as a conventional dielec-

varactor quadrupler. Currently, DR materials of the BaogTiO]E”C' gbtove the Culnett(_emgerature, tth(ise maten?Is ar;a often fre—
SNO,—TiO,—ZrO, or STO—NBO;—TiO, systems offer the best erred to as paraelectric. Representative properties of some fer-

combination of properties for microwave applications [85]. rocle:Iectrlcls ufgd ?}t microwave freq'uenlmets are g|\_/|_ehn n Tablit“'
A 6 GHz, a GaAs FET feedback oscillator stabilized by a " c'T0€'€ClICS have many USes in electronics. 1 hey are often

DR with a new frequency tuning mechanism has been deVgF_ed in capacitors because of their relatively high dielectric con-
oped in [86]. The oscillator has a frequency tuning range Fant, and in memory circuits because of their hysteresis. Some

50 MHz with a frequency stability of approximately 10 pp erroglectncs are also piezoelectric, enabllng their use as me-
(0°C-50°C). chanical transducers. Others are pyroelectric, generating a sur-

Using the higher DR, temperature-stable oscillators ei-f"’_lce _E[:hr;\lrge (z)ue todapplllcatldo?hol‘ thekat. I;lum(;)rous mlrfroml/)al\'/te
ther of fixed or tunable frequency were demonstrated in [89 reurts have been developed fhat take advantage of tne abliily
; to control the dielectric constant by varying an applied elec-
at X-band frequencies. . . : . .
tric field. We will here restrict our discussion to the RF and
microwave applications of the ferroelectric effect alone. Some
of these, such as phase shifters, are essentially linear in nature,
Ferroelectrics are dielectric materials characterized by havittgating the dielectric constant as a parameter controllable by
a dielectric constant that is a strong function of applied electrém external bias field. Other applications, including mixers and
fields and temperature. In spite of their name, they contain parametric amplifiers, make use of the inherent nonlinearity
iron. Rather, the name stems from the fact that their behaviooithe dielectric constant. Comparing these two classes may

VIl. FERROELECTRICDEVICES
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TABLE || & F.4—
REPRESENTATIVEPROPERTIES OFSOME FERROELECTRICSUSED AT x 30—
MICROWAVE FREQUENCIES - .

USWR N

Ferroelectric | Curie £ tan § @ 10 Ag/e Temp
Temp GHz
SrTiOs N/A 6000 0.0004 50% @ 1 40K
Vipm
BagsSrosTi -30°C 1100 0.02 25% @ 2 25°C
0; Vigm

PHASE SHIFT (DEGREES)}

i istinguishi ion di 4g ~
g_e gkened to distinguishing between p-i-n diodes and varacto ( { 5, 35% PoTing, 3
lodes. 65% SrTi0s, o
160 2a=l2/4cm g
b=0tr8cm J
2=362cm =
VIIl. HISTORICAL PERSPECTIVE 20 £-200 Me S 6-
. _ : , , T=20.5°C N
Ferroelectric behavior in materials was first observed in Eg
Rochelle salt in the 1920s. Barium titanate was recognizec a4 ‘Q"’”

as a practical ferroelectric in 1942-1943 by von Hippel and

co-workers at the Massachusetts Institute of Technology (MIT) 27
(88]. Y AN N R R T ! =

Review of this RANSACTIONS and thelEEE Microwave O 285 80 75 100 25 180 75 200225
Theory and Techniques SocigiEEE MTT-S) International D¢ ELECTRIC FIELD (KV/cm}

Microwave Symposium Digestgveals two distinct periods
of activity. The first stretched from approximately 1958 tdrig. 23. MeasurAedueerformance of the ferroelectric phase shifter;
the 1960s. Morgenthaler [89] and Coleman and Becker [9b] 200 Mc: T = 205 °C.
discussed the possibility of ferroelectric phase modulators and
mixers in 1958. DiDomenico and Pantell [91] described atoplanar waveguid& -band phase shifter producing I5hase
X-band waveguide ferroelectric phase shifter in 1962. Theift with a 30-V bias at 60 K. A finite-element analysis of mi-
achieved 500f variable phase shift with 2—6-dB insertion losscrostrip lines on BaTi@-SrTiO; substrates was reported by
Fig. 23 shows their measured phase shift versus the appligghget al. [106]. Abbaset al. discussed a model of a ferro-
bias field. In the same year, Cohn and Eikenberg describe@lactric superconducting phase shifter in 1996 [107]. The prepa-
stripline phase shifter for 100—1000 MHz, achieving 34&h ration of various titanates by the sol-gel process was reported
3.7-2.2-dB loss. They described a PbFHSITIiO;HF-UHF by DeFlaviiset al. and, in 1997, they reported devices with
power limiter capable of handling 25-kW peak power in 196465  phase shift and less than 3-dB loss at 2.4 GHz [108]. In
[92]. The application of ferroelectrics by DiDomenico as a mil1998, Subramanyaret al. used SrTiQ in a 19-GHz tunable
limeter-wave harmonic generator is reported in a review papssndpass filter, controlled by a 400-V bias [109]. Nonlinear
in 1963 [93]. Das described their use in parametric amplifiegdfects including IMD and detuning were studied by Kozyrev
in 1965 [94]. Amosset al. [95] described a low-powek-band et al.[110]. Superconductors were again combined with ferro-
switch using PbTi@-SrTiO; elements in diode-like packageselectrics to make tunable filters for 0.5—-2 GHz, by Gevorgiain
in 1965. They achieved 40-dB isolation and 1-dB insertion log$.[111]. A coupled microstrip approach was used fda-band
with a 1000-V control. Aldayet al. described ferroelectric and phase shifter with BaTi@-SrTiO; by Van Keulset al. [112].
pyroelectric millimeter-wave detectors [96] in 1966. AnotheCoplanar waveguides were revisited by Carlsson and Gevorgian
limiter utilizing a packaged ferroelectric element was describéa 1999 [113].
by Horton and Donaldson in 1967 [97]. Van Doeren utilized Most recently, the Defense Advanced Research Projects
ferroelectrics to rotate wave polarization in 1966 [98]. AmMgency (DARPA) has sponsored the Frequency Agile Materials
S-band microstrip phase shifter using PbTi3rTiO; was for Electronics (FAME) Consortium, in which a large number
described by Das in 1967 [99]. Measurement techniques for di-companies, governmental, and educational institutions have
electric constant and loss tangent were discussed by Horton andperated to investigate the use of ferroelectrics (among other
Burdick in 1968 [100]. Variable delay lines were investigateghenomena) to produce novel electronic control devices. The
by Kirchner [101] and by Squiret al.[102] in 1969. microwave device efforts in this program have concentrated on
Although work using the titanates in DRs continued, littlphase shifters, tunable filters, oscillators, and antennas. The
new work utilizing the unique properties of ferroelectric mateemphasis of the program is a reduction of the relatively high
rials was reported until 1993. Beall, Ono, and Price made tuless tangent of ferroelectric materials at microwave frequencies,
able X -band microstrip resonators by combining the low loss @&ven when operated above their Curie temperatures, which has
superconductors with thin film SrTi§) in contrast to the bulk been the main barrier to implementation. Much of this work
ceramic most often used previously [103]. Cho combined piezeas covered in a special session and a workshop at the 2000
electric and ferroelectric effects in a surface-acoustic-wave cdBEE MTT-S International Microwave Symposium. In the long
volver in 1994 [104]. In 1995, Jacksat al. [105] described a run, the tunable dielectric constant available in ferroelectric
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materials promises to enable a number of simple low-cogto]
microwave control devices.

(11]

IX. FUTURE

. : . . . . [12
Dielectric materials are being extensively used at frequenue[s ]

ranging from low RF (capacitors) to optical (optical fibers).

Applications of dielectric materials in various microwave [13]
components are very cost effective and lead to significant
miniaturization, particularly when microwave integrated circuit[14]
(MIC) or monolithic microwave integrated circuit (MMIC)
structures are used. Excellent performance in filters angs)
oscillators is currently being achieved. DRs are widely used
in wireless communication systems. Additional application%m]
include dielectric or superconductor testing and antenna appli-
cations using radiating DRs. Miniature dielectric-filled coaxial [17]
resonators are commonly used in wireless headsets (cellular
and personal communication system (PCS) phones). Recenig)
available very high®) materials will extend commercial appli-
cations of DRs to much higher frequencies. Applications agq)
high as 100 GHz are being reported. Activity in DR technology
is continuing at a very rapid pace, generating a large number of
patents and papers.

Availability of higher dielectric-constant materials (80—100)
has a significant impact on lower frequency microwave devices
(1-GHzregion). Such DRs are used in practically all cellular an
PCS base-stations. Improvements in technology of ferroelectric
materials will lead to a new class of wide-range tunable devices
while maintaining high&) characteristics. [

However, further material development is needed, mostly in
dielectric materials with lower dielectric constants that are use3l
to mount DRs. New low-loss plastics and adhesives should be
developed to ensure that the excellent properties of DR ceramigs)
are not degraded.

DRs are here to stay, and a wide variety of commercial wire-
less components using these elements is readily available. Witbe;
the advent of new materials and improved circuit techniques,
the field of DRs will continue to develop and will certainly be
exciting in the future.

(20]

(26]

[27]
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