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Abstract—A small-size waveguide made of high-permittivity b
ceramic is analyzed. The propagation constants are calculated X E :
| Z0
y7

approximately by an approach where the electromagnetic fields
outside the waveguide are fully taken into consideration. The

a

analysis values agree well with the experimental values. The micro
constants of equivalent circuit for the metallic strip section stripline
are obtained by using a separate model for the analysis of @)

the structure. Based on these results, bandpass filters (BPF's)
are designed and fabricated. The fabricated BPF’'s have better
transmission and reflection characteristics than those designed

on the basis of a trough-guide model. X b =TT =
Index Terms—Dielectric waveguide, electromagnetic analysis, LZ oly |- s .
filters, waveguide filters. y 3 Wil W Lo Ws

(b)
. INTRODUCTION Fig. 1. (a) Basic structure of DEW. (b) Structure of a DEW BPF.

ECENTLY, there has been much interest in the minia-

turization of microwave passive components becauggsyits of the coupling coefficients in the modified structure,
of the need for a small and lightweight handset for mobilgayeral BPF’s are designed and fabricated.
communications [1]. Dielectric ceramic of high permittivity
has the effect of wavelength shortening. Small-size bandpass 1. ANALYSIS
filters (BPF’s) for lower microwave frequency bands based on _, )
dielectric waveguide [2] have been developed in this way. F19- 1(2) shows the basic structure of a DEW. The wave-

The present waveguide structure is a half-cut ofarectangﬁ}lide is made of high-permittivity ceramics and the side
lar metal waveguide filled with high-permittivity ceramic [3],/4¢€S (except one) are coated with metal. Although one side

which will be referred to as a dielectriE-plane waveguide [aC€ iS exposed to the outer region, the high-permittivity

(DEW). The high permittivity ceramic (relative permittivity ceramic_ effectively cpnfines the elect_roma_gnetic fields in the
e, = 83) makes the component size small. The open surfaf@veguide. By forming some metallic strip patterns on the
created is convenient for attaching some metallic strip patterQ9€N surface, the waveguide is divided into several resonator
resulting in a quasi-finline structure. sections between cutoff sections. The coupling between two
Analysis data for the propagation characteristics is necessafjacent resonators can be adjusted by the width of the
to design the resonator sections and the coupling sectiGigP- Thus, we can make a multistage filter with a tandem
of DEW filters. Approximate approaches may be effectivelgPnnection of waveguide resonators. Fig. 1(b) shows a two-
applied to the analysis because the field energy is confineg9® DEW filter. Wiz (¢ = 1,2,3) and L;: (j = 1,2)
in the waveguide and the energy leaking out of the Op‘;r,ifn?note the width of strips and the length of resonator sections,
surface is small due to the high permittivity. The modifief€SPectively.
waveguide structure with assumed electric walls on the top
and bottom surfaces has been analyzed and BPF's have Refhase Constant
designed [4]. The center frequency of the fabricated filters We analyze the propagation characteristics of a basic DEW.
agreed with the designed values, but the bandwidth did rledr simplifying the analysis, we assume two hypothetical
give good agreement and the return loss was poor. electric walls. Fig. 2 shows the cross section of a DEW with
In this paper, we analyze a DEW in full consideration ofhe assumed two electric walls on the plares b,y = « and
the field expanding outside the open surface. The propagatior< 0,y = a. It is expected that the presence of these walls
constants obtained are compared with the experimental valugs.not have much influence on the result because the greater
Then, on the basis of the propagation constants and the analpsig of field energy is confined in the waveguide with high
permittivity. S. denotes the ceramic region of the waveguide
Manuscript received April 24, 1997; revised May 11, 1998. and S. denotes the exterior air regiom > «. The guided
The authors are with the Department of Electrical and Electronic Engineer-, N d in the f . h
ing, Yamaguchi University, Tokiwadai, Ube-shi 755, Japan. Waves are assumed to Vary_ int e. Orme@ﬁ(_‘/ﬁ?)' where
Publisher Item Identifier S 0018-9480(98)05512-4. [ is a real phase constant in thedirection. The field of the

metallic strip
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We represent the fields if. by the z-component®. of a
magnetic vector potentiafb. is given by

_ Jwp
(I)e — 27T(k‘2 [32 / f ex eXp( Jkeavx)

cexp{—ikey(y — @)y exp(—iB2) dhew  (7)
Foy = \JB? — BB+ 2, ®

wherek., denotes the wavenumber in thedirection. Using

the Fourier transform of. with respect tar, we obtain
Fig. 2. Cross section of a DEW with two assumed electric walls on the

planesz > b,y = a andz < 0,y = a. — wptke, )

Eey = B2 — J f( ex) exp{—jkey(y — a)} exp(—jfz)
dominant mode i'E,-like in S, and the electric-field lines 9)
expand in thetz-directions inS.. We formulate the fields 7 _ B2 — k3 o (10)
on the following two assumptions,,, which is not zero in T wpke, T

S., is approximated a#/, = 0 in S, taking account of the
continuity of electric-flux density component normal to thgvhere a bar over a symbol denotes a Fourier transform.
open surface and the high permittivity 6f and E. = 0 in 90n3|der|ngE€,; = 4 on the open surfac€d < z < b),
both S. and.S,. This is a fairly good approximation if, and Le= &y = a is obtained as follows:

may be a rough approximation .. Thus, inS,, the electric )

field has only anz-component and the electromagnetic field Eealy=a = / Eeo(2,a,2) exp(jkes) da

has no dependence an o

inke,b/2 .
First, the impedancé,. on the open surface looking inward =2A exp(jke,b/2) sin keub/2 exp(—jfz). (11)
is deduced as follows: o
Using (10) and (11), the complex power floi into S.
Ze = Zey tan(keya) (1) out of the open surface is given by
where oo
. P = _/ [EewH:z]y=adx
JWH —oo
ch = L (2) 1 )
v =5 [Eernﬁ:z]yza dkern
koy =/ ek — P2 @3) o Jeeo _
2B —kp) | 12 sin(kepb/2) i (12)
Z.y is the wave impedance in they-direction inS,, p is a T qwp ‘ ‘ k* k2 err

—o0 eyVex

permeability that is common in two regions, is the relative . _ _
permittivity in S., andk is the wavenumber in free space.  On the open surface, the relatiéh = F. applies. Substitu-

Second|y, we derive the |mpedanZ@ on the open surface tion of (6) and (12) into the relation and some transformations
looking outward. The fields i, can be represented by give

1+ wp Jwpm
Beo =1 [o{=iheyfu = a)} T by = WE D
T, explike, (y — a)}} exp(—ifz)  (4) _ < /°° sin? v dv) 1
wp A , o v/ (B2 —k2)(1/2)2 +v?
H.. = Foy 15T, [— exp{—jkey(y —a)} (13)
+ Iy exp{ikey (y — a)}} exp(—jfBz)  where
©) v = kenb/2. (14)

where A and I’y are the amplitude and reflection coefficient
of E., aty = a, respectively. Using (4) and (5), the complex
power flow P, into the open surface out &f. per unit length

The left-hand side of (13) represents. Since the guided
mode field satisfies the relatiaf’ = Z., we obtain

to the z-direction is given by tan(\/e.k3 — %a)
b —T* L Veckd — 32
P(’:_ E(’TH*~ y=a AQ—y =
= [ Bt e = AP o @

T </°° sin? v J >_1
= — U -
where the asterisk means the complex conjugate of the indi- (%% — k) \Jo  v2\/(B% = k2)(b/2)? + 02
cated symbol. (15)
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Fig. 5. Equivalent T network of the strip section.
]
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Fig. 3. Calculated (—) and experimentéd) dispersion relations of the
waveguide witha = 5 mm,b = 3 mm, ands. = 83. a
3
»
X x=b x=b x
. R — . 05
y 0%%qfeseang oo oR&s] s v :
y=d 2=0 z=W YRS TR el
y=atd
(@) (b)
y=0 — 0
i Si) - . .
y=a bl W Fig. 6. Calculated values of normalized series reactan¢shunt reactance
S S xp, and coupling coefficient of strip section in Fig. 4(b) witlt = 5 mm,
! 3 b = 3mm,d = 50 mm, ands,. = 83 for f = 2.5 GHz.
y=atd =
z=0 z=W/2

where X¢ and X™ denote the input impedance to the strip
© section with an electric and a magnetic wall at the=
Fig. 4. Schematic structure of strip section. (a) Strip section of DEW. (W/2 plane, respectively. Let a dominant modEE(,-like)
Strip section of DEW with two electric walls placed an= 0 andb planes L . - . - ,
and one electric wall oy = a + d plane. (c) Cross-sectional view of (b). be incident on the. St!’lp section from thez-dlrectlon: XP
(p = e,m) for the incident wave are calculated at first. We
. . . . . consider three regionS; (» < 0), S2 (0 < » < W/2 inside
The dispersion relations can be obtained by numerically solfre dielectric) andS; (0 < z < W/2 outside the dielectric),
ing (15). _ _ _ ~ shown in Fig. 4(c). The fields£?, (£ = 1,2,3) in these
Fig. 3 shows the dispersion relation of the waveguide witlagions are represented in (17)—(24), shown at the bottom of
a =5 mm,b=3mm, ande. = 83. The analysis results the following page, and’ is the reflection coefficient for the
of (15) are plotted by the solid line. The experimental resuliominant moden = 1) at z = 0, and sy, £1e.n, and By,
are plotted as the three small circles. The experimental valuggisfy the relations ’ ’ ’

were obtained by measuring the resonant frequencies of the ) ) ) ) )
DEW with large copper sheets pasted on both end faces with Bin =€cky — Klem = ko — Klen (25)
respect to the-direction. The analysis results agree well with Kiental Kie nd = —Fie p taN K1 na@ (26)

the experimental values. where

Klen PoOSitive realsic1 < rico < Kigg < -+

B. Coupling Coefficient . T )
Kien,P1,n POsitive real or negative imaginary

The coupling coefficients between resonator sections are re-
quired to design filters. The metallic strip sections in Fig. 4(a) ny is given by E?_ through the relation
having a three-dimensional structure can be precisely analyzed .
only by using a large-scale computer. We substitute the cou- p _ J_ 9 (27)
pling coefficients of the strip section in Fig. 4(b) for those in Y wp 8z T
Fig. 4(a). In Fig. 4(b), we assume two electric walls placed on Matching these fields at the boundary= 0 in the mean

@ =0 andb planes and one electric wall gn= a + d plane square sense [6], [7], the unknown expansion coeffici€fits

suf;icientlgl apart from tlhefopen sur;‘ace. h can be determined. Substituting these fields into the relation
If we choose terminal reference planesat 0 andW, the ; 4.4 boundary [8]

equivalent circuit for the strip section is represented by the T
network in Fig. 5 andjX, andjX, are given by [5] atd . a . a+d .
‘ | eanay= [ ompaga [ ppa i

. 1

sz :Xe (28)

iX, :1 <L 1 ) (16) we obtain the normalized impedance of (29), shown at the
2 bottom of the following page.
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Using these equations, we calculateandz™ for the strip P < nw )1/2
section in DEW with %17\ gogn
1/2
a=5mm b=3mm e =83 I _< 7w )
n,n+l1 —
Inln+1
for a frequencyf = 2.5 GHz. After confirming the conver- 1 1/2
gency of the numerical solutions, the position of an electrick;_1,; =wn < : )
wall d is chosen asl = 50 mm and the truncation number A gi-18i
N is chosen asv = 100. In Fig. 6, the calculated values for w= Af
the normalized series reactanee and the normalized shunt Jo
reactancer, are plotted by the solid lines. T Ko\
= 5 Ec [_3

(33)
(34)

(35)

Ill. DESIGN AND FABRICATION OF BPF

where z,,; and z,; are the normalized series and shunt re-

We use the design method for n-stage BPF's according@6tances of theth strip, respectivelyk;—, ; is the coupling

the following relations [9], [10]:

coefficient between both resonator sections adjacent téthhe
strip, L; is the length of thejth resonator sectionAf is

¢ =—tan 2z, + x,) —tan Ly (30) the bandwidth of a BPFf; is the center frequencyj is the
ko1 = |tan(e; /2 + tan~t 2,0)), i=1,2, . n+1 phase constant calculated in the preceding section,gaiisl
’ the normalized element value of a prototype low-pass filter
(31) (LPF). Substituting the values af, andxz, of Fig. 6 into (30)
L; = 1 <7r + M) j=1,2-...n (32) and(31), we can calculatefor the strip widthi¥'. In Fig. 6,
B 2 k values for a frequency = 2.5 GHz are plotted by the
region.Sy:
Cha : : al .
Ef, =5 {exp(=jBuiz) + Tep(iaz)ters(y) + 3 Ofn exp(ifinz)enn(y) (17)
n=2

region.Ss, Ss:

al W
Z C{,8infBen <z - ?>egm,(y) for electric wall

B, ={"% . {=23,p=cm (18)
Z CpcosBen| 2 — o ern(y) for magnetic wall
n=1
where
Fysinkieny, foro<y<a
Cl:"(y):{ s M sin f1e p(a+d —y), fora<y<a+d (19)
Sin Kiend ’
2 . nw
e n(y) = \/j sin —y (20)
a a
(y) = \/? i o (21)
esn(y) = dsm 7 y
1 a sin2kic.na SIN K1end 2 /d Sin 2K 16 nd
T , : o _ o oilen® 22
F, \/2 4Kk1em * <sin /ﬁﬁ’nd> <2 4i1en ) (22)
. nw\ 2
frn ==\ () = eckd (23)
2
Bam =—j (%) k2, n=12.3 (24)

14T

N N N
1 ) - 1 ) -
o= 5 = Bl / <§_; Pl CLal=5 D iPemlCE sin® Wi =5 0 if5,n|CE [ sin Wﬁg,n) (29)

n=1

n=1
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TABLE |
StRIP WIDTH TV; AND RESONATOR SECTION LENGTH L; FOR VARIOUS BPF CHARACTERISTICS
WITH ¢ = 5 mm, b = 3 mm, AND &, = 83
DESIGNED VALUE DIMENSION OF STRIP PATTERNS
NUMBER
f, af OF W, | W, | W, | W, Ly L, L,
(GHz] | [IMHz] | gTAGES [mm] {mm] [mm] [mm] [mm] [mm] [mm]
2.5 50 2 1. 59{6. 17f{1. 59 8. 55| 8. 55
2. 5 100 2 0. 90{3. 57]0. 90 8. 38| 8. 38
2. 5 150 2 0. 58|2. 36{0. 58 8. 21(8. 21
2. 5 100 3 0. 62|3. 58{3. 58|0. 62|8. 27|8. 63|8. 27
2. 2 100 2 0. 37|2. 0170. 37 11. 3|11. 3
2. 8 100 2 1. 80|5. 53} 1. 80 6. 25| 6. 25
TABLE 11
DESIGNED VALUES OF BPF CHARACTERISTICS AND EXPERIMENTAL VALUES
WITH @ = 5 mm, b = 3 mm, AND &, = 83
DESIGNED VALUE EXPERIMENTAL VALUE
NUMBER
f, af OF f, ERROR af | ERROR | Sy
[GHz] | [MHz] | graGges | [GHz] (%] [MH z ] (%] [dB]
2. 5 50 2 2. 49 -0, 41 51. 5 2.9 -33
2.5 100 2 2. 50 0. 0 110. 6] 10. 6 -24
2.5 150 2 2. 18 -0. 8 171. 91 11. 6 -20
2.5 100 3 2. 15 .0 101. 8 1. 8 -26
2. 2 100 2 2. 21 0. b 121. 0f 21. 0 -20
2. 8 100 2 2. 75 -1. 8 91. 0 -9. 0 -4 1

broken line.W; can be obtained by calculating_; ; in (33) 4. &, 10y res
and referring to Fig. 6. It must be noted thavalues depend =+ ®as _ ios mas

on 5 through (34) and (35)L, can be determined by (32). =
We have designed a two-stage Butterworth BPF vfifh= |—

2.5 GHz and bandwidti\ f = 50 MHz. Metallic strip patterns " |__]

are formed on the open surface of a DEW with widih= [

5 mm, heightb = 3 mm, and relative permittivitye, = 83. = ]

The strip width W,; and resonator section length, are as  _—

follows: i
k

W, =Ws = 1.59 mm
Wy =6.17 mm 1

s 1
Ly =Ly =855 mm. Oml |

Fig. 7 shows the transmission and reflection characteris 4
of the experimental filter. After confirming a considerab
agreement between the design and experimental results
have designed and fabricated various BPF's. The desig... .
values of BPF's characteristics and the dimension of striy. 7. Transmission and reflection characteristics of fabricated filter with
patterns are shown in Table |, and the experimental values @re= 2.5 GHz, bandwidthA f = 50 MHz, « = 5 mm,b = 3 mm,¢. = 83.
shown in Table Il. The center frequencies of the fabricated
BPF’s agree well with the prediction. Some fabricated BPF's
have bandwidths equal to the designed values, and othegsonators. In the strong coupling region, it can be concluded
have bandwidths considerably different from the design. Thieat the theory is in error.
disagreement can be seen especially in the wide-band typeEinally, we touch on the open surface. Besides conductor
and a low center-frequency type. These types of filters haless and dielectric loss, there is radiation loss, which has not
short strip sections, which cause strong coupling betwebaen analytically evaluated. The conductors more than 2 cm

BTART 2.000 000 OO0 Bk ETOE B_ D00 D0 BO0 Sz
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apart from the open surface does not affect the characteristitg$ R. F. Harrington, Time-Harmonic Electromagnetic FieldsNew York:
of filters. McGraw-Hill, 1961, ch. 8.
[9] Y. Konishi and K. Uenakada, “The design of a bandpass filter with
inductive strip-planar circuit mounted in waveguiddPEE Trans.
IV. CONCLUSION Microwave Theory Techvol. MTT-22, pp. 869-873, Oct. 1974.
[10] Y. C. Shih, “Design of waveguide E-Plane filters with all-metal inserts,”

Dielectric E-plane waveguides have been analyzed with IEEE Trans. Microwave Theory Teghol. MTT-32, pp. 695-704, July
full consideration of the outside field distribution, and the 1984
dispersion relation has been presented. Close agreement be-
tween calculated and experimental values was obtained. We
haye also calculateo! the _coupling coefficier_wts Iiplane _ Hiroshi Kubo (M'92) received the B.E., M.E., and
strips of the waveguide with assumed electric walls. Usir D.E. degrees from Kyushu University, Fukuoka,
these results, BPF’'s have been designed and fabricated. - Jagf‘g‘r'n'”13238£015;%%'53”r?6139a§ ;ﬁfﬁiﬁ“e"e,\'ﬁ o
center frequencies of the fabricated BPF's agree wgll with tl Electric Company, Tokyo, Japan, where hep pwas
designed values. Though the experimental bandwidth valt engaged in development on mobile communication
are improved to some extent, compared with the previo zyffl“-;’:t Err]"’l*r‘] :é’rggttt‘;‘]:?fﬁsﬂim‘;’t';i‘irﬁtsaalzii‘t’reig
results_ [4], the errors are still not small in the cases of wic C[())mpany, %ukuoka‘ Japa),/]. From 1987 to 1991, he
bandwidths and low center frequencies. It should also be ad
that all the numerical analyses in this paper do not requi

was a Research Associate at Kyushu University.
Since 1991, he has been with Yamaguchi University,
a large-scale computer and can easily be carried out o
personal computer.
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