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_ Abstract—This paper describes the development of microwave This is because all the series inductors become open circuited
filter technology from an applications perspective. Military ap-  and all the shunt capacitors become short circuited at infinite

plications required wide-_band and_ tunable devices for electronic frequency. The alternative network shown in Fig. 1(c) and (d)
support measures receivers, which led to the development of . | d. In thi hunt it d ir of
highly selective wide-band waveguide filters, coaxial resonator IS also used. In this case, a shunt capacitor and a pair ot cou-

and suspended-substrate multiplexers, and electronically tunable pling elgments, known as.impedance inverter;, enabling simpler
filters. The satellite communications industry created demand for realization of bandpass filters, replace a series inductor. Other

low-mass narrow-band low-loss filters with severe specifications prototype networks, with arbitrary location of the transmission
on amplitude selectivity and phase linearity. These requirements zeros in the complex plane, may also be used, enabling highly

resulted in the development of dual-mode waveguide and dielec- . . . o L
tric-resonator filters, and advances in the design of contiguous selective transfer functions with specified phase characteristics

multiplexers. Cellular communications base-stations demanded t0 be realized [4]. The optimally selective transfer function for
low-loss high power-handling selective filters with small physical an all-pole prototype is the Chebyshev [2] one with equiripple

size, capable of being manufactured in tens of thousands at a rea- amplitude in the passband and monotonically increasing atten-
sonable cost. These demands led to advances in coaxial resonatoruatiOn in the stopband [see Fig. 2]. The prototype networks for

dielectric resonator, and superconducting filters, and also to - . . . A
methods of cost-reduction, including computer-aided alignment. more selective transfer functions require either resonant circuits

Cellular radio handsets have required the manufacture of hun- O Cross couplings between nonadjacent resonators [2]—[4].
dreds of millions of extremely small very low-cost filters, still with More details on the theory of prototype networks will be found
reasonably low loss and high selectivity. This has driven significant [5]. However, a few points are worth mentioning. First, the se-
advances in integrated ceramic, surface, and bulk acoustic-wave lectivity of a prototype network (defined as the rate of change
active and filters using micromachined electromechanical systems. . o .
of signal transmission with respect to frequency) depends on the

number of elements used (the degree of the filter). For example,
a formula for the degree of a Chebyshev filter required to meet a
given specification is given in [2]. Secondly, the low-pass proto-

[. INTRODUCTION types of Fig. 1 may be converted into other forms, i.e., high-pass,
LECTRICAL filters have the property of frequency-se-ba”dpassv bandstop,etc.,_byapplying afrequencytrg_nsformation
lective transmission, which enables them to transmit ef the prototype [2]. A typical example is the capacitively cou-

ergy in one or more passbands and to attenuate energy in onB/8f Pandpass filter [3] shown in Fig. 3. Here, the shunt capaci-
more stopbands. The design of microwave filters is normally a@rs transform into parallel tuned circuits, or resonators, and the
complished by using a low-pass prototype network as a Startimerterg are replaped by capacitive coupl?ng elements combined
point, regardless of the eventual physical realization in trand!th a slight retuning of the resonators. Finally, one of the chal-

mission line, waveguide, or other media. Low-pass prototyb@gesinfilterdesignisthatofovercomingdissipationIoss.Asthe
networks are two-port lumped-element networks with an aﬂymberof resonators is increased in order to increase the selec-

gular cutoff frequency of 1 rad/s and operating in & ystem. tivity, the group deIay.of a.filj[er increases. Furthermqre the group
A typical prototype network is shown in Fig. 1. The design 0qlelayo'fabandpa\f,.sﬁlterlsmverselyproport}ona'l to |tsfract|qngl
such networks has developed to a remarkable degree of SOpH%’deIdth. In a_\ddmon, the respnators usedin afilter have a_ﬂnlte
tication. The use of network synthesis [1] enables them to H8l0aded quality) factor, which depends upon their physical
designed exactly to meet a given approximating transfer fuf&alization. Now, for adissipative system, as the group delay is in-
tion such as Chebysheyv, elliptic function, linear phase, etc. [ﬂ",eased, so will the insertion Ioss'. Thus:, for a§pe0|f|ed passbgnd
[3]. The ladder network prototype of Fig. 1(a) and (b) is alpss and degree, a narrow-band filter will require resonators with

“all-pole” network with all its transmission zeros at infinity, & higher? than a broad-band filter, and will be physically larger.
if the same type of resonators are used in both cases. This is il-
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Fig. 1. (a), (b) Low-pass prototype networks for “all-pole” filters. (c), (d) Alternative low-pass prototype networks using inverters.

—®

Fig. 2. Chebyshev transfer function.

1.4

operation. Connections of distributed circuit elements are de-
scribed by distributed network theory [7]. For example, various
types of microwave filters may be realized using transmission
lines operating in the TEM mode. One example is the interdig-
ital filter [8], which consists of an array of parallel coupled TEM
lines that are shorted at alternate ends. Such devices enable prac-
tical construction of filters with resonat@p’s of 1000-5000.
Further increases ity may be achieved using rectangular or
circular waveguide resonators, or dielectric resonators @ish

of up to 50 000. Information on th@’s of TEM and waveguide
resonators is given in [9].

In this paper, an attempt has been made to describe the ex-
citing advances in microwave filter technology in the context of
their application. In Section Il, we will look at military applica-
tions, which, with the invention of radar, were the first real driver
for microwave technology. This led to advances in the design of
wide-band filters. Following this, we will examine satellite com-
munications, which began in the 1960s and led to rapid advances

wavelength becomes comparable to the physical dimensionsrofvaveguide and dielectric resonator multiplexers. This is fol-
circuit elements. For this reason, a variety of distributed circdgwed by a discussion of cellular communications, which has
element realizations are used, where one or more of the dimeaused further advances in dielectric resonator, acoustic wave,
sions of the elements are comparable with the wavelengthaofd other filter technologies.
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Fig. 4. Effect of finite resonatof) on the response of a fourth-degree Chebyshev bandpass filter.
Il. MILITARY APPLICATIONS rectangular
waveguide post
World War Il and the invention of radar led to significant
developments in filters at various laboratories in the U.¢ P T
For example, at the Massachusetts Institute of Technolo o ° ° © o
o [o] o} a
fo) [o]
0 0 0 \L

(MIT) Radiation Laboratory, Cambridge, work concentrated o
narrow-band waveguide filters for radar systems. At the Ha
vard Radio Research Laboratory, Cambridge, MA, advances
broad-band TEM filters for electronic support measures (ESN
systems and tunable narrow-band filters for search receive
were made. Most of this work is described in [10].
One of the critical parts of any military system is the elec
tronic countermeasures (ECM) system and its associated E¢
system. The ESM system detects and classifies incoming rau ﬁ%
signals by amplitude, frequency, pulsewidth, etc., and the ECM
system can then take appropriate countermeasures, such as J&m?:  Waveguide bandpass filter.
ming. One method of classifying signals by frequency is to split
the complete microwave band of interest into smaller sub-bandsinitially work concentrated on extending the bandwidth of
This can be done using a contiguous multiplexer, which consistaveguide filters. The rectangular waveguide filter consists of
of separate bandpass filters whose passbands crossover at ¢heiriform section of rectangular guide with post (or other) dis-
3-dB frequencies. The outputs of the individual channels can éentinuities placed across the broad walls of the guide at ap-
detected, giving coarse frequency information while retainingroximately half-guide-wavelength intervals (Fig. 5). Usually,
unity probability of intercept [11]. Typical specifications mighthe waveguide is operated in its fundamental transverse elec-
be for a quadruplexer covering the frequency range of 2—4, 4+8¢ mode (['Ey; ) mode of operation [12]. The equivalent circuit
8-12, and 12-18 GHz with each channel having less than 1-dBthe discontinuity is inductive [13] (Fig. 6), thus, the equiva-
loss over most of its band, less than 5-dB loss at crossover, ek circuit of the filter consists of sections of uniform guide
more than 60-dB attenuation for all frequencies more than 108éparated by inductive discontinuities. Methods of accurately
designing this device for wide-band operation occupied several

away from crossover.
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Fig. 8. Combline filter.

which has found numerous applications in microstrip subassem-
blies, the interdigital filter [8], and the combline filter [19]. The
combline filter is of particular interest, as it has stood the test of
time and variants of it are widely used in cellular radio base-sta-
tions. It consists of an array of equal-length parallel coupled
conductors, each of which is short circuited to ground at the
same end with capacitive loading on opposite ends (Fig. 8).
The equivalent circuit is shown in Fig. 9. Here, we see that
the capacitive loading will drive the resonant frequency of the
resonators below that of the series couplings so that relatively
strong inter-resonator couplings can occur. The combline filter
has several advantages; firstly, itis compact, as the coupled con-
ductors are typically one-eighth wavelength long. Secondly, the
electrically short resonators will not re-resonate until typically
six times the center frequency of the filter, giving a broad spu-
rious-free stopband, which is not possible with wide-band inter-
digital filters. Thirdly, it is easier to manufacture than the inter-
digital filter, as all the tuning screws required for electrical align-
ment can be on the same face of the filter. Finally, the center fre-
quency of the combline filter may be tuned by an octave or more
without causing significant distortion to its frequency response
[20]. An accurate design method for wide-band combline filters
is described in [21]. The design of multiplexers using wide-band
combline filters is reported in [22]-[24].

Frequency (GHz) Combline multiplexers have certain disadvantages. They
are relatively large and they are difficult to electrically align.
Although elliptic function combline filters have been reported
[25], the wide-band combline structure does not readily lend
workers for a considerable period [14]-[16]. A waveguide is igself to realizing the most optimum transfer functions such as
hollow pipe without a center conductor and it has a finite cutoffie generalized Chebyshev, which has an equiripple amplitude
frequency. Thus, waveguide bandpass filters have zero transrolsaracteristic and arbitrarily placed transmission zeros [2].
sion at cutoff, giving an asymmetric frequency response (Fig. Qonsequently, combine designs require considerably more than
One of the advantages of waveguide filters is #)&t of up to the optimum number of resonators. These disadvantages led
10000 at 10 GHz are achievable [9]. Secondly, they can hantteadvances in printed circuit realizations of multiplexers, the
very high power levels of up to several kilowatts per contirmost notable method being suspended substrate stripline. This
uous wave, [17]. A disadvantage of using waveguide filters ¢®nsists of a thin (typically 0.1 mm) substrate suspended in an
the relatively large size required for low-frequency operatiomir cavity. A complex multiplexer circuit can be printed on a
The broad-wall dimension of a rectangular waveguide must biagle substrate enabling a very accurate, almost tuning-free
considerably greater than one-half the free —space wavelengthlization. The use of the generalized Chebyshev prototype
at cutoff. Thus, a 2-GHz filter would have a broad-wall dimerenables realizations with the minimum impedance variation,
sion of at least 10 cm. which is essential for a printed realization. Extremely high
We have already seen that the loss of a bandpass filter is selectivities have been reported with this approach [26]-[28].
versely proportional to its fractional bandwidth; thus, high- A picture of a typical device is shown in Fig. 10.
waveguide realizations are not really necessary for octave bandelectronically tunable filters are used in scanning receivers
width filters. Much smaller filters may be constructed usings they give relatively fine frequency resolution, albeit at the
TEM transmission lines, which do not need a minimum crosexpense of a relatively low probability of intercept. They are
sectional dimension to ensure propagation. The most sigrafso commonly used in microwave test equipment. The most
icant developments were the parallel coupled-line filter [18;ommonly used tuning mechanism consists of single crystal

Fig. 7. Frequency response of a waveguide bandpass filter.
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This created the need for high-performance filters and multi-
plexers as the dominant linear signal distortions (amplitude and
phase) would be caused by these devices. The insertion loss of
the input multiplexers is of relatively little importance as the
noise figure is defined by the LNA. Thus, interactions between
filters could be minimized by using a circulator-coupled
approach combined with all-pass group delay equalizers. On
the other hand, the insertion loss of the output multiplexer
is critical, as it directly affects the link budget. The output
multiplexers used rectangular waveguide filters constructed
from invar (for temperature stability), which were combined
in a common waveguide manifold, with each channel filter
providing high isolation to signals in nonadjacent bands. Thus,
two output multiplexers containing even- and odd-numbered
channels are then combined onto the antenna using a hybrid
combiner. These noncontiguous multiplexers provide minimum
Fig. 10. Suspended substrate multiplexer (courtesy of Filtronic plc, Westteraction between channel filters, enabling ease of alignment
Yorkshire, U.K.). of the complete multiplexer.

These multiplexers were very large and heavy, approxi-

spheres of ferrimagnetic yttrium—iron—garnet (YIG) with an exhately 4 kg per channel, and methods of reducing this were
ternal dc magnetic field. The resonance may be tuned highe®ihparamount importance. The first advances were in using
frequency by increasing the magnetic field. Multioctave tuningghtweight materials such as graphite, which were used in the
is possible with)’s of 2000 at 2 GHz and increasing with fre-first U.S. domestic satellites [31], enabling sufficient weight
quency, leveling out at around 5000 at 10 GHz. There is al&duction so that 24 channels could be deployed [32]. The first
a minimum tuned frequency when the app“ed magnetic fiemajor electrical innovation was the use of dual-mode filterS,
is equal to or less than the demagnetizing field. Typically, thihere size reduction is obtained by exciting two orthogonal
frequency is from 1 to 2 GHz. One of the problems with Yi@egenerate modes in the same physical cavity. This was first re-
devices is that they are very unstable with temperature and of@gfted in 1951 [33]. The first practical devices were developed
require heating. In addition, power limiting occurs at relativelpy Comsat Laboratories, Canada [34]-[36]. A typical device

low power levels, typically from 10 mw to 10 W. Details of the&known as a dual-mode in-line waveguide filter is shown in
design of YIG filters are presented in [29]. Fig. 11. In this structure, each cavity supports two orthogonal

degenerate modes (e.@'F111). The modes in each cavity are
coupled together via a tuning screw, or other discontinuity,
which is oriented at 45to the input iris. The two horizontally
Satellite communications began with the Intelsat |-l serieend vertically polarized modes in each cavity are coupled to
of satellites, which established the viability of voice commuthe corresponding modes in the adjacent cavity. This structure
nications in the late 1960s. In 1971, the Intelsat IV series waBows certain nonadjacent resonator couplings to be present in
launched. This was the first to use a channelized architectuttee structure, which allowed the realization of transfer functions
which is necessary to avoid problems associated with thdth transmission zeros located arbitrarily in the complex plane
nonlinearity of high power amplifiers. In this architecture, theuch as elliptic function, generalized Chebysheyv, linear phase,
500-MHz uplink band from 5.925 to 6.425 GHz is received ietc. Prior to this, single-mode realizations of these transfer
the satellite, amplified using a low-noise amplifier (LNA) andunctions used folded waveguide structures [37]. Dual-mode
mixed down to the downlink band from 3.7 to 4.2 GHz. It idilters were first launched on Intelsat IV.A in 1976, after which
then split into 12 36-MHz channels, using an input multiplexethey became the satellite industry standard. Indeed, new types
prior to amplification of each channel. The individual channelsf dual-mode filter are still being reported, e.g., [38].
known as transponders, are then recombined using an outpufriple mode designs offer further size reduction and a prac-
multiplexer and fed to the downlink (transmit) antenna [30}ical design, which allowed independent control ofi&,;; and

IIl. SATELLITE COMMUNICATIONS
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Fig. 11. Dual-mode in-line waveguide bandpass filter.

TMg10 modes in cylindrical waveguides, was reported in [39].
Quadruple mode designs baseddty ;3 andI'M; ;o modes have
alsobeenreported[40]. Unfortunately, these designs are very sen
sitive and suffer from poor temperature stability.

The next stimulus to research was the adoption of higher fre-
quencies, in particular, the 14/12-GHz band for direct broadcast
satellites. Standard designs at these frequencies would have a
unacceptable 1 dB more loss than the 6/4-GHz band. This led
to the development ¢fE;ox andTE;; y filters, which hadV
times half-wavelength cavity lengths [41].

Advances were also made in the methods and theory of mul-
tiplexing. The noncontiguous approach used in the 1970s suf-
fered from the requirement for a complex hybrid combiner t€g. 12. Dual-mode in-line dielectric-resonator bandpass filter.
feed the even and odd channels into the antenna. In the 1980s,

a considerable effort led to the development of contiguous mul-g, e acoustic wave (SAW) filters also have applications
tiplexers [42]-[44]. This was mainly due to advances in COmy e satellite industry. Their application is mainly limited to
puter-aided design and modeling. These devices provided ggsiajiasing filters in digital payload down-converter chains.

proximately 1 dB less loss, superior channel characteristics, RGhier frequencies of 500 MHz—1.5 GHz and bandwidths of

higher o_ut-of-band |s_ola'_[|on. ) . 10-50 MHz are achievable with extremely sharp selectivities
Satellite communications also stimulated work on filte 54]. Transition bandwidths of only 1 MHz are achievable

transfer functions and lnetworl; sy?thes_|s. A n.e\r:v mﬁtho‘?' hich is superior to ceramic dielectric filters, although those

computing symmetrical transfer functions with otherwisge,ices have lower loss. They also find limited application as

arbitrgry pgssband ripple and trarjsmission Z€ro IOCatiOr_LQ’cﬁannelizers in IF processors, where high selectivity and linear
described in [45_]' A compre'henswe theory of symmetric Jhase is required. It is unlikely that they will be used in input
dual-mode filters is presented in [46]. The design of asymmettic output multiplexers

dual-mode filters, which are required for the end channels OfFinaIIy power-handling issues of multipactor breakdown and

multiplexers, is described in [47] and [48]. gassive intermodulation (PIM) are important. Multipaction is

The use of dielectric resonators constructed from low-lo $ RE breakdown mechanism. which occurs in a vacuum. It is
high-permittivity (20-100) temperature stable ceramics enab sed by an electron resonance, which occurs when the transit

high- (up to 100000) filters to be realized in a fraction Ofine of electrons is similar to the period of one cycle of the
the volume and weight of air-filled waveguide devices [49%¢|4 pesign solutions to this problem usually involve altering
Probably the most significant development in this area was the. 4| gimensions such that the electron transit time is nonres-
dual-mode in-line device reported in 1982 [50]. This device g gielectric filling, or filling with an inert gas [55]. PIM oc-

shown in Fig. 12, showing the similarity with air-filled devices s \yhen there are thin oxide layers on metal surfaces, mechan-

Th(ljshdevg:e matchded the perfi)rmarl}f:e of single-mode dewqgal imperfections in contacts, microcracks in metal surfaces, or
ana éhls een used on severa sc,jate_n_es. . jorarue (o the presence of dirt or metal particles on the surfaces.
High-temperature - superconductivity shows - consideraliy i, the output multiplexers can leak back to the receiver and

promise. In principle, superconductivity enables resonatqf§ st e controlled carefully. This involves a set of guidelines
with near-infinite unloaded? to be constructed in a Very ¢, workmanship standards [56]

small size, provided that the filters are cooled to 77 K [51]. A
collaborative project between COM DEV, Lockheed Martin,
and Du-Pont has demonstrated miniature input and output
multiplexers with 50% mass saving@tband [52]. Even more  Cellular radio has provided a significant driver for filter
recently, collaboration between the Institut de Recherche &thnology since the analog systems were launched in the
Communications Optiques et Microondes (IRCOM), Brivegarly 1980s. This has resulted in various innovations in filter
France, and Alcatel, France, have demonstrated planar filtegshnology for both base-stations and handsets, which have
at 29 GHz [53]. We will hopefully soon see superconductindepended upon the frequency planning of the various systems
multiplexers working in space. standards. In the U.S., the analog Advanced Mobile Phone

o . diglecine
regonator

IV. CELLULAR RADIO
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Fig. 13. REF front-end of a cellular radio base-station.

Service (AMPS) used a frequency-division multiple-access
(FDMA) scheme, and was allocated 869-894 MHz for
base-station transmit (mobile receive) and 824-849 MHz for
base-station receive (mobile transmit). The digital time-division
multiple-access (TDMA) system (1S136) occupies the personal
communications system (PCS) band from 1930 to 1990 MHz
and 1850 to 1910 MHz and each 60-MHz band is sub-bandeg
and allocated to operators in three 15-MHz and three 5-MHz
segments. The American code-division multiple-access
(CDMA) system (1S95) occupies both of the above bands and
is sub-banded into 5-, 10-, or 15-MHz segments. In Europe,
the original analog total access communication system (TACS)
occupied 890-905 and 935-950 MHz. This was extended
(ETACS) to 872-905 and 917-950 MHz. The digital TDMA
global system for mobile communications (GSM) [57] occupies
925-969 and 880-915 MHz and the bands from 1710 to 1785
and 1805 to 1880 MHz. These systems are not sub-banded. Figel4. Coaxial resonator realization of a cellular radio base-station filter.
third-generation universal mobile telecommunications system
(UMTS) uses CDMA in the bands from 1920 to 1980 MHhaving additional couplings between nonadjacent resonators,
and 2110 to 2170 MHz. in this case, around three resonators [58]. The relative sign
The block diagram of the RF front-end of a typical cellulaof the additional coupling with respect to the main couplings
radio base station is shown in Fig. 13. The systems are normalgtermines whether the zeros are on the low- or high-frequency
transmitting and receiving simultaneously. The transmitter wiide of the passband. GSM filter specifications may also be met
be generating relatively high power signals, e.g., for GSM twaith this technology, although the closer proximity of transmit
30-W carriers, and the receiver needs to detect signals dowratal receive bands means that high@rfilters with more
—100 dBm. The transmit filter must have a very high level afesonators are required, typically ninth-degree filters with a
attenuation in the receive band, typically 90 dB in order to stayf 5000 are used. A picture of such a device is shown in Fig. 14,
intermodulation products and noise from the power amplifi@nd its measured performance is shown in Fig. 15. It should be
being fed into the receiver. Furthermore, the transmit filter musbted that the proximity of the bands in the GSM case means
have low passband insertion loss, typically 0.5-1 dB, in ord#rat the filters are often temperature compensated, normally
to satisfy power amplifier linearity and efficiency requirementdly constructing the resonators out of dissimilar metals with
Similarly, the noise figure of the receiver dictates low insertiodifferent temperature coefficients [59]. With these methods,
loss in the receive filter and this filter should have high isolatiolemperature coefficients as low as 5 pp@htan be achieved.
in the transmit band. Additionally, GSM transmit filters normally have severe PIM
The first analog systems required filters with percentagpecifications, often specified to be belevd15 dBm for two
bandwidths in the region of 2% and with reasonable guaBd-W carriers.
bands between channels. These specifications may be met witfihe sub-banded American systems require selective filters
asymmetric generalized Chebyshev bandpass filters, typicalith percentage bandwidths as low as 0.25%. These filters re-
with six resonators with & of 3000 and one or possibly two quire highei) resonators with much better temperature stability
transmission zeros located on one side of the passband. Sinetm achievable with coaxial resonator filters. Dielectric res-
devices are relatively easy to construct using variations onator filters have been proven useful in this respect. The most
the combline filter where the resonators are coupled via irisesmmonly used designs use a cylindrical puck of ceramic sus-
between the cavities. The transmission zeros may be realizedeyded on a support within a metallic housing. The fundamental
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Fig. 15. Measured response of coaxial resonator filter.

gave a fivefold volume reduction compared with coaxial filters.
An alternative reflection mode approach to triple-mode dielec-
tric-resonator filters is presented in [67]. This approach sim-
plifies the design complexity of triple-mode filters by splitting
the filter into even- and odd-mode parts connected via a 3-dB
hybrid. It gives greater than 50% volume reduction compared
with single-mode dielectric-resonator filters, but is restricted to
stopband attenuation levels of 20—30 dB. Single-mode dielec-
tric-loaded waveguide filters, giving significant volume reduc-
tion compared to coaxial filters witf’s of 1000—2000, are de-
scribed in [68].

Superconducting base-station filters are of interest because
of their high @ realizable in a very small physical size. For
example, a microstrip realization of a fifth-degree Chebyshev
bandpass filter with 890-MHz center frequency and 0.3% band-
width, occupied a surface area of approximately % and
exhibited 1-dB passband insertion loss [69]. A complete re-
ceiver front-end including 5-MHz bandwidth filters and inte-
mode of resonance is th&g; s originally reported in [60]. The grated LNAs in the PCS band at 1.9 GHz is described in [70].
most commonly used material is calcium titanate—neodymiumRecently, one of the main drivers for base-station filters has
aluminate [61], which has a relative permittivity of 45¢)aof been the desire to reduce costs. This has resulted, for example,
greater than 20000 at 2 GHz, and a temperature coefficientiofthe machined bodies of coaxial filters being replaced by
resonant frequency of less than 1 pp@hfor theTEq s mode. castings. Miniaturization also reduces the cost of machined
A picture of a typical device is shown in Fig. 16. bodies, but often adds the costs of ceramic resonators. Other

Considerable research into alternative realizations of baseethods of cost reduction include the introduction of auto-
station filters has been carried out and an excellent reviewnsted assembly and, more importantly, computer-aided and
found in [62]. Dual-mode dielectric-resonator filters, using automatic filter alignment. One reported method of achieving
conductor loaded dielectric puck, enable filters witls of 5000 this involves measuring the filter and then synthesizing its
to be realized in approximately one-half the physical volume efjuivalent low-pass prototype. This is then compared with the
coaxial filters [63]. A single-mode dielectric equivalent of thedeal model of the filter [71], [72]. Another method uses the
combine filter, using th&'Mg; mode, enabling the realizationreflected impulse response of the filter to determine which
of smaller devices witl®)'s from 8000 to 12 000 is describedresonators are mistuned [73].
in [64]. A spherical triple-mode resonator structure used as aThe filters used in cellular radio handsets have completely
smaller alternative to th&E;s resonator is described in [65]. different requirements. The original analog handsets in the
A TM;i;p-mode triple-mode filter is reported in [66], which1980s were large, bulky, and manufactured in relatively small

Fig. 16. Typical dielectric resonator filter.
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volumes. However, these phones used an FDMA acce DT ?
scheme, thus, they were transmitting and receiving simulti % / ]
neously. The electrical specifications for the transmit/receiv =
diplexer were quite severe, with the transmit filter requiring ~ ~ — pu—
50-dB attenuation in the receive band and vice-versa. The lo ~
specifications required unloadégifactors of several hundred.
Such specifications could be met by helical resonator filter: /
which use resonant inductors [74]. These devices have be
made more or less obsolescent by ceramic filter technology,
although small volumes are still used in 450-MHz Scandinavidi9- 17. SAW resonator.
systems. The ceramic filters are dielectric loaded TEM filters
where the resonators are formed by metallized holes insic'Input B open open il Qutpu
a plated monoblock of high-permittivity ceramic [75]. These open EETl T open
devices give a highap per unit volume than helical filters and
became the dominant technology for a number of years.
Handsets for second-generation TDMA systems, such C
GSM, transmit and receive in different time slots. Thus, the
transmit/receive diplexer can be replaced by a switch and
receive filter. The purpose of the receive filter is to protec
the LNA and the mixer in the down-converter from bein
overdriven by extraneous signals. For example, this situat
may occur if two mobiles are being operated simultaneously
while in close proximity to each other. Typically, the spectuning of filter resonators is to use ferroelectric materials with
ified stopband attenuation requirements of these filters awging accomplished by an applied electric field [82], [83].
15-20 dB. However, the specifications on size and price araning bandwidths of up to 30% with resonai@is of 300
very demanding [76]. Recent advances in SAW filter desigire possible using these methods, although the required high
have enabled them to compete in this market. Their mafield strengths of several megavolts/meter require the use of
advantage is very small size (typicallyx33 x 1 mm) and low extremely thin films.
cost. Typically, they have 3-dB insertion loss and 2-W power All the miniature handset filter technologies thus far dis-
handling. The most significant advance in SAW technology hagssed use passive resonators. Alternatively, several workers
been the replacement of the conventional transversal designs investigating the use of active filters. One design approach
by SAW resonators, which are formed between acousticallyto compensate for the losses in physically small resonators
reflective gratings on the surface of a SAW crystal [77], asy cancelling them with negative resistance. The negative
shown in Fig. 17. Here, energy is coupled in and out of thesistance can be achieved by two distinct methods. In the first
structure by placing a transducer between the gratings. Tiethod [84], the negative resistance is achieved by connecting
transducer has only a few fingers and is relatively broad barxseried C resonator to the drain of a single common-source
The transducer couples waves into both directions, whigtansistor, with a shurltC resonator connected to the source.
avoids the insertion loss problems of conventional designs. Atternatively, two transistors may be connected in a feedback
addition, a leaky SAW wave is used, which propagates fast@nfiguration [85]. This method has been demonstrated in the
than a Rayleigh wave, enabling higher frequency designs to®8-4.2-GHz band. A spiral monolithic microwave integrated
produced. Also, higher values of electromechanical couplimgrcuit (MMIC) inductor is then cascaded with this negative
enable broader bandwidth designs to be produced. Finaliyipedance converter to obtain a highinductor of 1.5 nH.
leaky SAWSs penetrate deep into the crystal, enabling highehis active inductance is then used to design bandpass filters.
power-handling capacity. Although these remarkable devicERe schematic of the filter is shown in Fig. 18. This filter was
offer small size and low cost, their power handling and tenpealized as a MMIC in an area of 5 MmAn alternative tech-
perature stability is poor when compared with ceramic filtergaique called active matching [86], [87] used pseudomorphic
Thus, they may not be suitable for third-generation systemggyh electron-mobility transistors (pHEMTS) in common-gate
where the transmitter and receiver operate simultaneousitd common-drain configuration to match a passive filter
However, recent developments in film bulk acoustic resonateetwork (Fig. 19). With this approach, an active bandpass filter
(FBAR) devices show very impressive performance [78], [79bperating at 31.825 GHz with 1.5-GHz 3-dB bandwidth has
Recent advances in micromachined electromechanical sipgen demonstrated (Fig. 20). The filter had a noise figure of
tems (MEMS) have demonstrated that this technology may #elB at the center frequency and a 1-dB compression point of
suitable for handset filters. For example, micromechanical res3 dBm. Itis also possible to construct active microwave filters
onators withQ)'s of 7450 at 100 MHz have been demonstratedsing low-frequency techniques. For example, recursive and
[80]. MEMS switches have also been used for tuning the valueansversal filters have been demonstrated [88], [89]. Recursive
of lumped components within filters [81]. The use of tunablélters require constant time delay increments, amplitude
filters may be useful in handsets for future systems operatingighting elements, and signal combiners. These have been
at many different frequencies. An alternative technology faealized at microwave frequencies using low-pass elements

reflective gratings

Negative
Resistunce

I%lﬁ 18. Schematic of an active negative-resistance filter.
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19 to the admittance matrix of the low-pass prototype, it is pos-
N sible to equalize the maximum voltage on each resonator, thus
25 reducing the maximum voltage within the filter [95]. Techniques
28 294 308 322 336 35 of this type may be useful in order to maximize the power han-
f(GHz) dling of all the miniature filter technologies described above.

Fig. 20. Measured response of a millimeter-wave active filter.
V. CONCLUSIONS

for the time delays, amplifiers as the weighting elements, and,, this paper, an attempt has been made to relate some of the

lumped-element power lequers to re_allze the S|gnal Comb'neFﬁJmerous advances in filter technology to the applications that
The layout of such a device, realized on gallium arsenifg, e qriven them. This has shown a continuous development
(GaAs), is shown in Fig. 21. The use of analog varactor unedy, v, theoretical filter design methods and in the technology
phase shifters also enables the realization of tunable actyg, 1, implement them. On the theoretical front, initial work
filters [90]. A filter that is tunable from 7 to 9.5 GHz with o centrated on the accurate design of waveguide and coaxial
a constant gain C?f 3.5 _dB and 10'd_B return loss has begfy s yith Chebyshev responses. This was followed by major
demonstrated. _Th's O!e"'ce had a noise figure of 5 dB andg,ances in the synthesis of filters with generalized transfer
1-dB compression point 6+ 10 dB_m. i functions, dual-mode prototype networks, and contiguous mul-
The noise performance of active filters can be problemaii,oyers. More recently, automatic tuning, synthesis of active
and,fqrth|sreas_on, itis important to have.agood theoretical tagl lossy filters, and design of prototype networks with op-
for noise modeling and optimization. This may be performegh, ;m hower handling have taxed the theoreticians. On the tech-
using the NoIse wave formall_sm d_escnbe_d In [91]' Anoth_er p?’l’ological front, realizations have changed from metallic wave-
tential problem is that of nonlinearity. Active devices are 'nheEjuide and coaxial structures to ceramic resonators. More re-

ently nonlinear and passive filters exhibit passive voltage or Clgém'y, more exotic structures such as superconducting, FBAR,

rent magnification. For example, parallel tuned circuits eXhibIUIMIC, and MEMS filters are being investigated. Although mi-

a voltage gain that is inversely proportional to their fractiong) o yave filters are often described as a mature technology, it can
bandwidth. A study of active negative resistance filters [92] hgS, caen that this is not the case and, hopefully, future applica-

shown that their third-order intercept point reduces by 6 dB eagh, s \il| stimulate further advances in this exciting field.

time the filter bandwidth is halved. An alternative approach is to

use a low-gain LNA followed by a low#? lossy bandpass filter,
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