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Novel Planar, Square-Shaped, Dielectric-Waveguide,
Single-, and Dual-Mode Filters

Chi-Yang ChangMember, IEEEand Wei-Chen Hsu

Abstract—This paper presents a novel concept of a high dielectric-constant material. The filters in [9] are primarily
square-shaped dielectric-waveguide resonator, which can from empty metallic waveguide filters, except in that an approx-
easily realize a dielectric-waveguide cross-coupled filter or a imation to a magnetic wall can be formed at the dielectric—air

dielectric-waveguide dual-mode filter, using the conventional . . . . . . . .
printed circuit b%ard (PCB) process. This plar?ar dielectric-wave- Interface if the dielectric constant is sufficiently high. This mag-

guide resonator has a higherQ value than a microstrip resonator. N€tic wall approximately halves the size of the filter. Sano and
The physical mechanisms of both single- and dual-mode filters Miyashita [10] suggested a dielectric-waveguide filter made of
are elucidated. Some new coupling structures are developed high dielectric-constant material and inductive strip coupling.
for undergoing the PCB process. Filter design procedures are The filters in [9] and [10] both require firing at a high temper-

detailed. Design curves for the coupling coefficients of internal- . . . . h
and external-goupling structures afe dgetermined by full-wave ature. Tzuan@t al.[11] described a dielectric waveguide filter

finite-element-method electromagnetic calculations. Measurement With inductive iris coupling, suitable for the printed circuit board
results are highly consistent with theory for all trial filters. This  (PCB) process. However, the filters in [9]-[11] are neither dual
study offers an effective means of producing low-cost high-perfor- mode, nor cross-coupled.
mance planar circuit filters. Awai et al.[12] proposed a dielectric-waveguide dual-mode
Index Terms—Cross-coupled filter, dielectric-waveguide filter, filter that uses high-temperature-fired high-dielectric-con-
printed circuit board (PCB) filter, square-shaped waveguide stant material and an extra I/O board, but it is suited only
resonator, waveguide single- and dual-mode filter. to a two-pole filter and is difficult to match with the PCB
process. Sano and Miyashita [13] posited another type of
|. INTRODUCTION dielectric-waveguide dual-mode filter that employs high-tem-
. i . erature-fired dielectric material. The I/O circuit in [13] should
IGH-PERFORMANCE microwave filters are |mportantge a coaxial line and is not a planar circuit. The fil[ter]s in both

_c_|rCU|t cqmponents n wired or ereleSS _corr_1mun|cat|o 12] and [13] are three-dimensional structures and difficult to
the military, science, and instrumentation applications. The p atch with a planar circuit

formance of a waveguide filter is well known to be superior to This investigation describes a dielectric-waveguide filter,

that of a microstrip-, a strip-, or a coaxial-line filter, due to It%vhich uses square-shaped resonators and is easily realized by

higher resonataf value and higher power-handling capabilitthe conventional PCB process. The proposed basic resonant

Recently, two waveguide filters, namely, the dual-mode and t Uity | . . .

: o y is a square PCB patch with continuously drilled plated
cross-coupled filters [1]-[3] or a combination of the two [4]-[6 hrough-holes, i.e., the side metal, as depicted in Fig. 1(a).
has become increasingly important. A dual-mode filter consisgg, P '

of resonators with two degenerated modes that offer the adv?d‘v(/-temperature ceramic co-fired (LTCC) fabricating pro-

tage oft_redulced size .‘an(’j solmetl(rjne?itmggalug (4, [T]' Athcesses. For filter applications, this hole can be used to generate
conventional waveguide dual-mode filier [4], [5] employs 4 waveguide channel for a stripline or a microstrip filter to

mode degeneration of a square or a circular waveguide. The BRhance the performance of the filter, as proposed in [14], or it

lanizations of theE-fields of two degenerated waveguide mOdeéan be used in the sidewalls of a dielectric waveguide to realize

are mutually perpendicular, hence, the term field-polarizati ide fil in 1151 H h :
degeneration [8]. The other important type of filter, namely, t%‘wavegwde llter, as proposed in [15]. Here, the top view (but

led filter. h | tracted h attertion due t ot the cross-sectional view) of the proposed resonator is a
cross-coupled Hiter, has aiso atiracted much attention due Oé&hare. The square shape is such that the proposed resonator

flat grOlt.J_p dellay (t)r”(_qua5|-elllpt_|(<j: redspolnse(EZ]—[G]. However,lglgn be either a single- or dual-mode resonator.
]Sﬁnvgntmnla me at;ct Wa(;/.(?fgwlt? ual-mode dor Cross-coupledyyg proposed square-shaped dielectric-waveguide resonator
fiter1s oo farge and too difiicutt to mass produce. offers the following advantages. First, a square-shaped di-

A dielectric waveguide can significantly reduce the size ‘glectric-waveguide resonator has a degenerated resonance of

a We_lve_guide filte_r without g_reatly d_iminis_hing its pe_rforr_nanc odesT'Eqq; andTE1g2. This mode degeneration can be used
Konishi [9] described a series of dielectric waveguide filters % realize a dual-mode filter. This mode degeneration, called

field-distribution degeneration, is due to a field distribution
Manuscript received May 30, 2001; revised December 27, 2001. Thqg.fferent frpm that qf a_dual'mOde ngegwde resonator with
work was supported by the Ministry of Education, R.0.C., under Contraso-called field-polarization degeneration. Therefore, new cou-

e plated through-hole is commonly used in the PCB or

89-E-FA06-2-4. _ - Bjing structures must be specially developed. This proposed
The authors are with the Department of Communications, National h d diel . id h its d

Chiao-Tung University, Hsinchu, 30050 Taiwan, R.O.C. square-shaped die eCtr'Ciwavegu_| e r.esonator shows its degen-
Digital Object Identifier 10.1109/TMTT.2002.804626 erated resonant modes in the first higher order mode rather
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Fig. 1. Physical structure and field distributions of the dielectric-waveguide
resonator. (a) Physical structure. (b) Normal mod€&&f - . (c) Diagonal mode
of TEq2.

(d

than the fundamental mode, as in the conventional waveguide
dual-mode resonator. Measurement results indicate that the
unloaded@ value of the first higher order mode exceeds that
of the fundamental mode. The second advantage is that the
fundamental mod€I'E¢; ) of a square-shaped dielectric-wave-
guide resonator can easily support a cross-coupled filter due
to its symmetrical field distribution. A filter with either flat \
group delay or quasi-elliptic response can be realized, using \k
a newly proposed coupling structure, which will be discussed (e) )

in Section Il. The third advantage is that, although the shaE_e > Couol _ _ _

. . . .2.  Coupling structures and the frequency-tuning mechanism. (a) Inductive
of the proposed square-shaped dielectric-waveguide resong or inter-coupling and positive cross-coupling. (b) Two plated through-holes
is similar to that of a square microstrip-patch dual-mode re®r intra-coupling. (c) Structure for negative cross coupling. (d) Microstrip
onator [16], the current distribution differs completely. Théirect-coupled_—type external coupling. (e_) Quarter-wave transformer-type

. . . ... external coupling. (f) Slot for frequency tuning.

square microstrip patch has a very high current density At

the edge of the patch that induces high conductor loss and

low-Q value. The current density of a square-shaped diele®- dual-mode resonators. Some cross-coupling structures for
tric-waveguide resonator is much more evenly distributethe single-mode filter are also elucidated to provide appropriate
Therefore, the conductor loss should be lower than that inmagnitude and phase for the cross-coupling. The filters with a

microstrip-patch dual-mode resonator. Furthermore, the raflat group delay or quasi-elliptic response with a cross-coupled

ation loss of a square-shaped dielectric-waveguide resonagiicture and proper coupling magnitude and phase are investi-

is also markedly reduced by its closed structure. gated.

More importantly, this novel planar single- and dual-mode
filter can be manufactured by most popular PCB processes [I. RESONATOR COUPLING STRUCTURES AND
and is easily mass-produced. The metal sidewall of the res- FREQUENCY-TUNING MECHANISMS

onator is fabricated by a sequence of continually drilled pIatgAd

. Square-Shaped Dielectric-Waveguide Resonator
through-holes. The proposed square-shaped dielectric-wave- g P g

guide filters have the advantages of a higher unloaglediue, ~ Equation (1) defines the resonant frequency of &,
smaller circuit size, easier interfacing with other circuits on @0de of a dielectric-waveguide resonator as follows and is as
PCB, and lower fabricating cost. shown in Fig. 1(a):

This study addresses the behaviors of the first three resonant 5 5 5
modesTE g1, TE1g2, andTEsq; in depth. The fundamental o= v_c\/<g) N <g> N <£> )
mode(TE1;) is used in a single-mode filter. THEE; 2 and Tl 2 JEy a h c

TE99; modes are two degenerated modes of a squared-shaped
waveguide resonator that are suited to a dual-mode filter. The fitheren, m, and/ are the mode indexes of th&:,,,,; mode,a,
ters with Chebyshev responses are designed using either sinfjleandc are physical dimensions of the resonator along corre-



CHANG AND HSU: NOVEL PLANAR, SQUARE-SHAPED, DIELECTRIC-WAVEGUIDE, SINGLE-, AND DUAL-MODE FILTERS 2529

N
335 q01% ¢ 0r = 0
. 1 Q@ E ]
. 015 —
3| 014 G E -
C . 01 B —-o1
» ] = E 1
o ] = 005 - .

325 |— — 012 E 7 —_
& 1 z % °f R
= F ] § zooE i o
@ 32 - R ey
k3] C 7 o o E B
% F 3 = ‘S 015 | B bl

315 — L 008 = E . c
gt e 1% & oE ™o
& F 1 = 0umsg 1 8
Lo Jossx © _.E J05 5
s E ] 2 € -03F —0s @
& L ] 8 Zeosp 158
i E JoE O E A e te

305 |- 004 ..g S el ]d sl

C ] o -045 - v Bl d 7
3 E’ —E 002 @ s E- I I
L u = E  diagonal made nornal mode .
=Y E
. ] 2 0ss £ 7
285 5|||||I|\Il|[||||||II!lIIIIlIIBI 0 [od _uﬁ:IIl!IIIKI|IIII|IIII|IIlI|IIIIII1IIil|||]||||||||l__u_a
2 3 4 5 6 7 8 9 o O o 1 2 4 5 6 8 s 10
d (mm) d(mm)
Ol X2 A k-0 Af 0 nomal modegiv1—— dagora
! —A— normal mode Af —o— diagonal mode Af
€Y (b)
0035 0.4 025
003 |— 4
C 1 02
C —03 = —_
T 0025 |— i E £
s | 1 e K o
=3 r =
S = B < o —] 0152
2 002 - 2
] + 1 & =
k] r 2 g 1 E
'ﬁg C —02 G g ] S
; 0015 |— 7 ey %; i z
F 4 = —
2 » s g o g
C 4 S = i o
- 1§87 18
001 [— o 4
] - —o1 C 1 &
o - — 005
0005 |— b
071 L1l | L1l | L1 | 1111 | 1111 | 1111 0 0 Ll l 1111 | L1l | Ll I 1111 | L1l | |- I_ 0
3 4 6 7 9 10 3 4 5 6 7 8 ] 10
_d(mm) di (mm)
—oe— kij#1 —— Af —6— Qe (Single-mode) —+— Qe (dual-mode) —A— df (Single-mode) —0— df (dual-mode)
(©) (d)
0
160 - 03 C
3 005 [—
140 — 02 r
C o2 __ <5 o —
20 [~ N T F
N . I 15} -
e HusQ =
T 100 - 3 “— “a L
9 = S C
@ C o1 4= = C
g 19 E <© L0
© gy [ = Kt [ C
o F . wo L
_; F —oos § o -
- E g g 025 —
@ = =40 T g C =
r 1 2 F r d
w0 4 IC 03 —
n — 005 C
» [ Jan 035 —
D—IIII‘IllI]lll!ll||I]IKII!IKIItll\]lll\I!III1|I\ID~AD15 ,0_4~| - ‘ L1 11 !( L1l 1[ J - ) I N
1 2 3 4 5 6 7 8 9 10 n i 1 2 3 4 5
d (mm) d (mm)
—6—Qe (Single-mode) ——Qe (dual-mode) —A— df (Single-mode) —0— df (dual-mode)
(e ®

Fig. 3. Design curves. (a) Inter-coupling between two different cavities. (b) Intra-coupling between two degenerated modes. (c) Cross-touplieigevi
phase. (d) External coupling of the microstrip direct-coupled type. (e) External coupling of the quarter-wave transformer type. (f) Fregugveydusidepth
of the slot.

sponding axes in Fig. 1(&),. is the relative dielectric constant The physical parameters of the proposed square-shaped di-
of the dielectric substrate, and is the velocity of light in free electric-waveguide cavity are chosen@s= ¢ = 20 mm,
space. h = 1.27 mm, ande,, = 10.2 to confirm the theory. Ac-
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cording to (1), this resonator resonatedia; = 3.32 GHz TABLE |

andfrigs = frog; = 5.25 GHz. THREE FOUR-POLE FILTERS (FBW: 0.03, RSSBAND RETURN LOsS 20 dB)
The_d|str|but|on of the electnc-flel_d strength of th&,0;  Type Pl Q. %5 Rn o T

mode is that of a drum that symmetrically moves up and dow position

in the v-directi Chebyshev  [NA __ [2376 [3.24x102 |2.38z102 [3.24x102 |N.A

in the y-direction. _ S Flat group delay |(1.05,0) |28.0  |29x102 |1.68x102 [29x102 |[1.11x102
For modeTE ¢ (or TEqg1), the field distribution is divided Quasi-elliptic  [(0,1.5) [31.25 [2.46x102 [2.55x102 [2.46x102 [-1.12x102

into two halves, of which the electric fields are of the same mag-

nitude, but antiphase. In general, two basis functions describe

the distribution of the electric-field magnitude of mo@& -

(or TEygq); the first is divided along the center line and the

second is divided along the diagonal line, as depicted in Fig. 1(b) ==

and (c), respectively. The fields in Fig. 1(c) can be representec Q
as the sum and difference of the fields in Fig. 1(b) and vice verse Q
[7]. The field distribution in Fig. 1(b) is called the normal mode
and that in Fig. 1(c) is the diagonal mode.

The measured unloadégl values are 270 for mod&E(;
and 360 for modél'Eg2 (or TEsg1). The substrate used here
is a Rogers RT/Duroid 6010 with a dielectric constant of 10.2,
dielectric thickness of 1.27 mm, and dielectric loss tangent of
0.0023. The) values are not high primarily because of the rel-
atively high loss tangent of the substrate used. According to the
data, the simulate@’s are 295 and 305 fdfE¢; andTE >
modes, respectively. Setting the loss tangent one order of mag
nitude lower (i.e., at 0.00023) could yield simulated unloaded
Q up to 773 for modé&'E4; and 832 for mod&'E . @ ()

I

T
o |
l

B. Coupling Structures

Coupling involves both internal and external coupling to form
a bandpass filter internal and external coupling, which are used
in the proposed filters and are described as follows.

1) Internal-Coupling Structuresinternal coupling can be
classified into three types, namely: 1) inter-coupling; 2) intra-
coupling; and 3) cross coupling. Inter-coupling and intra-cou-
pling are couplings between adjacent cavities in the main cou-
pling path. Inter-coupling is the coupling between two physi-
cally different cavities, and mtra—cogphryg is that between_ d?—?g. 4. Circuit layouts and photograph of the four-pole single-mode filters.
generated modes [17]. Cross-coupling is between nonadjac@§itircuit layout of the flat group-delay response filter. (b) Circuit layout of the
cavities. quasi-elliptic response filter. (c) Photograph of the quasi-elliptic response filter.

Fig. 2(a) displays an inductive coupling iris. This inductive
iris is used as the inter-coupling structure for the propose@generation. Walker and Hunter described a dielectric-loaded
single-mode filter and a dual-mode filter of order above two. waveguide filter [19] for which an inverted coupling loop is

Intra-coupling in a single cavity is achieved by introducingroposed to realize a negative coupling. However, the struc-
a perturbation element such as tuning screws, corner cuts [18fe proposed in [19] is not applicable to our case due to a
slots, etc. in the plane orthogonal to the resonator. Here, tdifferent process of fabrication. Here, a structure including iris
plated through-holes, shown in Fig. 2(b), are proposed as tmupling and a balanced microstrip line with a pair of plated
intra-coupling structure because they undergo perfectly with tiegough-holes is presented to twist the phase of the signal, as
PCB process. The proposed plated through-hole intra-couplistgown in Fig. 2(c). This structure perfectly fits the PCB process
is similar to the concept outlined in [18]. These plated througland provides accurate antiphase coupling with an inductive iris.
holes constitute an inductive coupling. 2) External-Coupling StructuresThe coupling struc-

The two types of cross-couplings correspond to positive atute between the feeding microstrip line and proposed
negative polarity of the coupling phase. An iris-type cross-cosguare-shaped waveguide cavity is extremely important be-
pled structure is a positive cross-coupling and should induce realse it allows the filter to be fabricated with other microwave
axis poles for a flat group-delay response because the main caiteuits on the same PCB using a single process. In [11],
plings of a single-mode filter are all of the inductive iris type. Aan interface is achieved by tapering the microstrip line to
negative cross-coupling structure should be used if a quasi-®ldielectric waveguide, but the transition area is too large.
liptic response is required. The negative cross-coupling of thkere, two types of microstrip-line interfaces are proposed,
proposed resonator is more difficult to achieve than that ofiecluding the direct-coupled and quarter-wave transformer
conventional waveguide dual-mode filter with field-polarizatiotypes. The direct-coupled type, illustrated in Fig. 2(d), directly
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Fig. 5. Simulation and measurement performances of the single-mode filters. (a) Flat group-delay response. (b) Quasi-elliptic responsaigohLompa
measurement group-delay performances.

connects the 50 microstrip line to the dielectric-waveguideline of the square. Here, both external-coupling positions will

resonator through an inductive window. Varying the width dbe considered for the two-pole dual-mode filter case.

the inductive window changes the external-coupling coefficient ) )

accordingly. The quarter-wave transformer type, shown fr Frequency-Tuning Mechanism

Fig. 2(e), is a microstrip-to-dielectric-waveguide transition that Coupling between two resonators causes the resonant fre-

uses a quarter-wave microstrip-line impedance transformgiency to split intof; and f», where f; and f, are the lower

to transform the 5@ microstrip-line impedance to dielec-and higher resonant frequencies, respectively. The mean fre-

tric-waveguide impedance. These two interface circuits can §eency of these coupled-cavities, which equdlst f2) /2, dif-

used in all proposed filters. fers from the original single-cavity resonant frequency, which is
As mentioned earlier, the field distribution of the degenerateftermined by (1). Similarly, external coupling will also cause

modes of the proposed cavity can be either normal or diagonéke resonant frequency to shift. The shifting of the central fre-

If the external-coupling position is placed at the center of thguency can be either upward or downward, and is governed by

edge of the square, then the excited field will be in the normgde coupling structures. This resonant frequency shift must be

mode, and the plated through-holes for intra-coupling shoulgned out.

be placed along the diagonal line of the square. If, however, theTwo methods are proposed here to compensate for the shifting

external-coupling position is at the corner of the square, thefithe central frequency. The first method is to shrink or ex-

the excited field will be in the diagonal mode, and the platgshnd the size of the resonator by a factor equal to the frequency

through-holes for intra-coupling should be placed on the centhift divided by the central frequency. Section IV will apply
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This section considers filter design by synthesis based ¢
three-dimensional (3-D) finite-element method (FEM) electro-
magnetic (EM) calculation. The HFSS EM solver of Ansoft Inc.,
Pittsburgh, PA, is used to perform the calculations. The filter is
designed as follows.

The first step is to obtain the design curves by FEM calcula-

this method to realize the duplexer, which includes two con \\ \
nected dual-mode filters. The second method employs a slot, ’ ¢
shown in Fig. 2(f), to reduce the effective size of the resonato
All of the single- and dual-mode filters proposed here use thi
frequency-tuning mechanism to tune out the frequency shift. A —
&
== f
ll. FILTER DESIGN :;I\\j jix\\\
-~ Rpa—
(@

tion.
1)

2)

3)
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For a specific dielectric substrate (with known dielectric
constant and thickness), determine the dimensions of the
dielectric-waveguide resonator by (1) for the desired res-
onant frequency,.

Solve the eigenvalue problem for each of the internal-cou-
pling structures as described in Section Il. Two eigenfre-
quenciesf; and f> should be obtained near the central
frequencyf.q, which correspond to the two eigenmodes
of the coupled resonators. The coupling coefficient, ;
between thgth andj + 1th resonators can be determined
by the following equation:

&
(b)

f12 — 22 Fig. 6. Circuit layouts of the two-pole dual-mode filter. (a) Filter with
kjjiv1 = 3 5 - (2)  normal-mode field distribution and the first kind of relative intra-coupling to
fl + fz the I/O position. (b) Filter with normal-mode field distribution and the second

) ) kind of relative intra-coupling to the I/O position. (c) Filter with diagonal-mode

The coupling dictates that the central frequerfcy; 1 field distribution and the first kind of relative intra-coupling to the I/O position.
i L i (d) Filter with diagonal-mode field distribution and the second kind of relative

becomesf, +f2)/2. The frequency shiff f; j.+1, which intra-coupling to the 1/O position.
equalsf.o — fcjj+1, should be tuned out by the pro-
posed frequency-tuning slot. Fig. 3(a)—(c) plots the design ) ) )
curves fork; .1 andAf; i+ Fig. 3(d) and (e) displays the design curves@arand

253 Y . .
The strength of external coupling can be represented by 2 /Jext for the direct coupled and transformer types, re-

an external quality factof)., which is determined by spectively. . _
the loaded resonator method. Again, the frequency shift 4) Frequency shifts due to the internal and external coupling

A fuxe OCCUrS due to the external couplingfux, must should be tuned out. The frequency shift can be either
also be tuned out. positive (upward) or negative (downward). Summing all
Awai et al. claimed in [12] that external coupling is the frequency_shift terms _for each_cavity, and using the
typically impacted by the intra-coupling coefficient in frequency-tuning mechanism elucidated above, the fre-
a dual-mode ring resonator. This claim also holds for ~ duéency shift can be tuned out by the appropriate tuning
the case considered here; therefore, a method to adjust 9€Pth. Fig. 3(f) shows the curve of frequency shift against

the external coupling is required. An accurgle is ob- tuning depth. _ _
tained by first drilling two intra-coupling plated through- The second step is to obtain the coupling values from the

holes into a dual-mode cavity. The positions of the intrd2W-Pass prototype filter. _ o
coupling plated through-holes are determined in advanceWo kinds of low-pass prototype filters are used in this study.
by solving the eigenvalue problem. The external qualit he first kind is the conventional Chebyshev or Butterworth

factor Q. can then be determined using (3) [20] as follOW-Pass prototype filter, whose coupling cpefficients can be
lows: determined from the prototype values following the steps given
in [21]. The second kind is the generalized Chebyshev low-pass
1\2 ) ) prototype filter. In the cases considered here, four resonators are
<@> = kipe = 124 ()  used to realize all generalized Chebyshev bandpass filters. The
coupling coefficients of these generalized Chebyshev bandpass
where the coupling coefficiert; . is that of the coupled filters can be established by transforming the prototype values
cavities without external coupling and the coupling coeficcording to the steps described in [22]. The coupling coeffi-
ficient k1 o4 is that of the coupled cavities with externakients determined by the method in [22] include cross-coupling
coupling. between resonators 1 and 4; the polarity of the cross-coupling
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Fig. 7. Simulation and measurement performances of the filters in Fig. 6. (a) Performances of the filter in Fig. 6(a). (b) Performances of thgfiéb)n
(c) Performance of the filter in Fig. 6(c). (d) Performances of the filter in Fig. 6(d).

is also important because it governs whether the responsé\isFour-Pole Single-Mode Filters

quasi-elliptic or a flat group delay. Three four-pole single-mode filters with the design parame-

terslisted in Table | are fabricated. Fig. 4 presents the circuit lay-
outs for positively and negatively cross-coupled filters, as well
as a photograph of the latter. Fig. 5 presents the simulated and
Some example filters are designed and fabricated to proweasured performances of the filters corresponding to Fig. 4.
the validity of the theory following the design described in Sed-he results are very consistent. The filter with the quasi-elliptic
tion Ill. They are described as follows. Three of the four-poleesponse has a newly proposed negative-phase cross-coupling
single-mode filters are fabricated to compare various typ&#ucture, as depicted in Fig. 4(b). This coupling structure can
of responses, namely, the conventional Chebyshev resporseyery easily realized by the conventional PCB process.
quasi-elliptic response, and flat group-delay response. Four i
of the two-pole dual-mode filters are realized corresponditlgy TWO-Pole Dual-Mode Filters
to two kinds of degenerated basis functions and two kindsThe two-pole dual-mode filter is the most basic dual-mode
of related intra-coupling to feeding structure positions. Alters. Nevertheless, they exhibit much interesting physical be-
four-pole dual-mode filter is realized to establish the feasibilityavior.
of the proposed dual-mode filter with large numbers of poles. As stated in Section Il, the proposed dual-mode resonator has
Finally, a diplexer is realized by connecting two of the two-polevo types of basis functions, namely, the normal and diagonal
dual-mode filters using a microstrip T-junction. modes, both of which can realize a dual-mode filter according

IV. SIMULATED AND MEASURED RESULTS PERTAINING
TO THE EXAMPLE FILTERS
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to the position of the feeding point. Fig. 6 depicts the layouts of
the two types of two-pole dual-mode filters.

Another interesting phenomenon is observed. According to
the theory of [1] and [23], the two-pole dual-mode filter re-
sponds in two different ways. The first response is similar to
a quasi-elliptic response with transmission zeros near the pass-
band due to the parasitic source to load coupling. The second
response is similar to the flat group-delay response, which is
caused in the same way. Whether the filter exhibits the first or
second kind of response depends on the relative position of the
two intra-coupling holes. For filters with the first kind of re-
sponse, the input and output feedings are on the same side of the
two intra-coupling holes, as depicted in Fig. 6(a) and (c). How- &
ever, for filters with the second kind of response, the feedings
are on the opposite side of the two intra-coupling holes, as de-
picted in Fig. 6(b) and (d). The response of the filters (positions
of transmission zeros or flatness of the group delay) is not con-
trollable because the parasitic coupling described here cannot
be easily controlled. Fig. 7 displays the calculated and measured
results for the filters in Fig. 6. They match very closely.

C. Four-Pole Dual-Mode Filter

A four-pole dual-mode filter is realized to demonstrate the
feasibility of realizing a dual-mode filter with a large number of
poles. The central frequency is 5.25 GHz, the fractional band-
width is 0.03, and the passband ripple is 0.01 dB.

Fig. 8 presents the circuit layout and a photograph of the
four-pole dual-mode filter. Fig. 9 presents the simulated and
measured results.

(b)
D. Diplexer Fig. 8. Circuit layout and photograph of the four-pole dual-mode filter. (a)
Circuit layout. (b) Photograph.

The microstrip direct feed-type external-coupling structure is
very compact and is suitable for realizing a diplexer. A diplexer
can be realized simply by using a microstrip T-junction with
two of the proposed single- or dual-mode filters. Here, two
dual-mode two-pole filters are selected to realize the proposed
diplexer. The central frequencies of the two passbands are 5.25
and 5.57 GHz, the fractional bandwidth of each passband is
0.03, and the passband ripple is 0.01 dB for each filter.

Fig. 10 shows the physical layout and a photograph of the
diplexer. Fig. 11 gives the simulated and measured results.

O —————
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E. Discussion

Insertion loss and return loss (dB)

The measured unloaded) value of the proposed
square-shaped dielectric-waveguide resonator is 270 for
single-mode resonance and 360 for dual-mode resonance. This
value is rather high for a planar circuit cavity and, thus, the o A UU—
filter shows very low passband insertion loss.

The measured central frequencies of all of the filters and the
diplexer show drifts to lower frequencies. The primary reasatiy. 9. Simulation and measurement performances of the filter in Fig. 8.
for this frequency drift is the error in the substrate parameters.

Consider the Chebyshev filter described in the first paragraphd measured results for the four-pole single-mode Chebyshev
of this section as an example. According to the vendor’'s ddther.

sheet, the dielectric constant of the substrate is 10.2. HoweverThe passband return loss exhibits a little degradation in some
no frequency driftis possible if the dielectric constant of the suliters because of the fabrication tolerance of the PCB process.
strate is set to 10.4 in the simulation. Fig. 12 gives the simulatedr example, the diameter of the drilled hole is not as expected.
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-40

Insertion loss and return loss (dB)
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Frequency (GHZ)
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Fig. 12. Simulation results with a different substrate dielectric constant.
Comparing them to the measured response of the four-pole single-mode
Chebyshev filter.

circuits are mass produced. The PCB process may be specifi-
cally tuned for our filters at a higher cost to yield better perfor-
mance.

V. CONCLUSIONS

This paper has presented a square-shaped dielectric-wave-

(b) guide resonator, which can realize dual-mode and cross-coupled
Fig. 10. Circuit layout and photograph of the diplexer. (a) Circuit layout. (djlters. The measured passband insertion loss was low because
Photograph. the unloaded resonat@} values were quite high. The design

procedures have been detailed. Some example filters have been
realized with performances correlated well with simulation re-
sults.

REFERENCES

[1] D. Baillargeat, S. Verdeyme, M. Aubourg, and P. Guillon, “CAD ap-
plying the finite-element method for dielectric-resonator filtetgEE
Trans. Microwave Theory Teghiol. 46, pp. 10-17, Jan. 1998.

[2] R. M. Kurzrok, “General three-resonator filters in waveguidisEE
Trans. Microwave Theory Techvol. MTT-14, pp. 46-47, Jan. 1966.

[3] J.A.Rhodes, “The generalized direct-coupled cavity linear phase filter,”
IEEE Trans. Microwave Theory Teckol. MTT-18, pp. 308-313, June
1970.

[4] A. E. Williams, “A four-cavity elliptic waveguide filters,IEEE Trans.
Microwave Theory Techvol. MTT-18, pp. 1109-1114, Dec. 1970.

[5] A. E. Atia and A. E. Williams, “Nonminimum-phase optimum-ampli-
tude bandpass waveguide filterEEEE Trans. Microwave Theory Tech.
vol. MTT-22, pp. 425-431, Apr. 1974.

[6] R.LevyandS.B. Cohn, “A history of microwave filter research, design,

p pye p and development[EEE Trans. Microwave Theory Tec¢hol. MTT-32,

. pp. 1055-1067, Sept. 1984.

Frequency (GHz) [7]1 P. Savi, D. Trinchero, R. Tascone, and R. Orta, “A new approach to the
design of dual-mode rectangular waveguide filters with distributed cou-
pling,” IEEE Trans. Microwave Theory Techkol. 45, pp. 221-227, Feb.

Fig. 11. Simulation and measurement performances of the diplexer in Fig. 10.  1997.

[8] R.Levy, “The relationship between dual mode cavity cross-coupling and
waveguide polarizers[EEE Trans. Microwave Theory Techvol. 43,

The designed diameter is 0.6 mm, whereas the measured dianfé] pp. 26142620, Nov. 1995.

. . . . Y. Konishi, “Novel dielectric waveguide components—Microwave ap-
eter is 0.8 mm. The process, used to realize all of the filters dis- plications of new ceramic material$toc. IEEE vol. 79, pp. 726—740,

cussed in this study, is the most popular process by which PCB  June 1991.

-20

7 B

,lIllIl]IIlllIlll;lIIIIIIlIlII

Insertion loss and return loss (dB)

-70

llrl'!lll!ll

-80 1 1 1 1 I 1 1 1 1 | 1 1 1 1 ‘ 1 1 L 1

——measured S11- - - measured 521 —a—measured S31 ——measured S32



2536

(10]

(11]

(12]

(13]

[14]

(15]

[16]

(17]

(18]

(19]

(20]

(21]

(22]

(23]

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 50, NO. 11, NOVEMBER 2002

K. Sano and M. Miyashita, “Dielectric waveguide filter with low profile
and low-insertion loss,/EEE Trans. Microwave Theory Tec¢hkol. 47,
pp. 2299-2303, Dec. 1999.

C.-K. C. Tzuanget al, “H -plane mode conversion and application in
printed microwave integrated circuit,” i80th Eur. Microwave Conf.
Dig., vol. 2, Oct. 2000, pp. 41-44.

I. Awai, A. C. Kundu, and T. Yamashita, “Equivalent-circuit representa
tion and explanation of attenuation poles of a dual-mode dielectric-re
onator bandpass filter/EEE Trans. Microwave Theory Techol. 46,
pp. 2159-2163, Dec. 1998. with the Department of Physics, National Taiwan

K. Sano and M. Miyashita, “Application of the planar I/O terminal University. From 1982 to 1988, he was an Assistant
to dual-mode dielectric-waveguide filterslEEE Trans. Microwave Researcher with the Chung-Shan Institute of Science and Technology (CSIST),
Theory Tech.vol. 48, pp. 2491-2495, Dec. 2000. where he was in charge of the development of microwave integrated circuits
A. Bailey, W. Foley, M. Hageman, C. Murray, A. Piloto, K. Sparks,(MICs), microwave subsystems, and millimeter-wave waveguld@lane

and K. A. Zaki, “Miniature LTCC filters for digital receivers,” iEEE  circuits. From 1990 to 1995, he rejoined CSIST as an Associate Researcher,
MTT-S Int. Microwave Symp. Digl997, pp. 999-1002. where he was in charge of development of uniplanar circuits, ultra-broad-band
Y. Rong, K. A. Zaki, M. Hageman, D. Stevens, and J. Gipprich, “Lowcircuits, and millimeter-wave planar circuits. In 1995, he joined the faculty
temperature cofired ceramic (LTCC) ridge waveguide bandpass filtergf the Department of Communications, National Chiao-Tung University,
in IEEE MTT-S Int. Microwave Symp. Djd.999, pp. 1147-1150. Hsinchu, Taiwan, R.O.C., where he is currently an Associate Professor. His
L. Zhu, P.-M. Wecowski, and K. Wu, “New planar dual-mode filter usingesearch interests include microwave and millimeter-wave passive and active
cross-slotted patch resonator for simultaneous size and loss reductianirtuit design, planar miniaturized filter design, and monolithic-microwave
IEEE Trans. Microwave Theory Teghol. 47, pp. 650-654, May 1998. integrated-circuit (MMIC) design.

D. R. Jachowski, “Alternative designs for dual-mode filters,1HEE

MTT-S Int. Microwave Symp. Digl997, pp. 1087-1090.

X. P. Liang, K. A. Zaki, and A. E. Atia, “Dual mode coupling by square

corner cut in resonators and filterdEEE Trans. Microwave Theory

Tech, vol. 40, pp. 2294-2301, Dec. 1998.

W. Walker and I. C. Hunter, “Design of cross coupled dielectric-loaded

waveguide filters,”Proc. Inst. Elect. Eng.pt. H, vol. 148, pp. 91-96,

Apr. 2001.

M. Sagawa, K. Takahashi, and M. Makimoto, “Miniaturized hairpin res-

onator filters and their application to receiver front-end MICKSEE Wei-Chen Hsu was born in Changhua, Taiwan,
Trans. Microwave Theory Teghvol. 37, pp. 1991-1997, May 1989. R.O.C., on April 1, 1965. He received the B.S. de-

G. L. Matthaie, L. Young, and E. M. T. JoneBlicrowave Filters, gree in electrophysics from the National Chiao-Tung
Impedance-Matching Networks, and Coupling Structurd$orwood, University, Hsinchu, Taiwan, R.O.C., in 1987, the
MA: Artech House, 1980. M.S. degree fin optical sciences from the National

R. Levy, “Synthesis of general asymmetric singly- and doubly-term Central University, Chungli, Taiwan, R.O.C., in
nated cross-coupled filterslEEE Trans. Microwave Theory Techol. 1990, and is currently working toward the Ph.D.
42, pp. 2468-2471, Dec. 1994. degree at the National Chiao-Tung University.

K. A. Zaki, C. Chen, and A. E. Atia, “A circuit model of probes in Her research interests include microwave and mil-
dual-mode cavities,|IEEE Trans. Microwave Theory Techol. 36, pp. limeter-wave passive and active circuit design, filter
1740-1746, Dec. 1988. design, and MMIC design.

Chi-Yang Chang (S'88-M'95) was born in Taipei,
Taiwan, R.O.C., on December 20, 1954. He received
the B.S. degree in physics and M.S. degree in elec-
trical engineering from the National Taiwan Univer-
sity, Taipei, Taiwan, R.O.C., in 1977 and 1982, re-
spectively, and the Ph.D. degree in electrical engi-
neering from the University of Texas at Austin, in
1990.

From 1979 to 1980, he was a Teaching Assistant




	Index: 
	CCC: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	ccc: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	cce: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	index: 
	INDEX: 
	ind: 
	Intentional blank: This page is intentionally blank


