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Novel TE10� Rectangular-Waveguide-Type
Resonators and Their Bandpass

Filter Applications
Hee Yong Hwang, Member, IEEE,and Sang-Won Yun, Member, IEEE

Abstract—New dielectric-filled rectangular-waveguide-type
TE10 resonators are presented. A dielectric-filled rectangular
waveguide section (WGS) has inductive impedance at the open-end
faces. Using this property and the frequency dependency of the
wave impedance of the WGS, we calculated the resonant frequency
and the slope parameter of the waveguide-type resonators. The
resonant frequency depends strongly on the width of the WGS
and loosely on the height and the length. The calculated resonant
frequencies agree well with measured data. One of the proposed
bandpass filters shows highly reduced spurious up to three times
the center frequency. Quality factors of the resonator and effects
of a housing are also discussed.

Index Terms—BPF, dielectric resonator, TE10 , waveguide
filter, waveguide resonator.

I. INTRODUCTION

D IELECTRIC materials with a high dielectric constant,
high , as well as low temperature coefficient have been

developed and widely adopted for many types of miniaturized
resonators. Using these materials, we can easily form small
high- dielectric-filled waveguide resonators. Such resonators
are typically based on the resonance characteristics around
either quarter wavelength or half wavelength [1]–[6].

However, when a dielectric-filled waveguide section (WGS)
is terminated by proper impedance at both ends, we can find
impedance-matched points or resonant frequencies, depending
on the terminated impedance conditions. This resonance can be
observed in dielectric-filled WGS of very small electrical length
and can be called as mode because of its short physical
and electrical length. Due to the leakage of the electromagnetic
field from the open-end face (OEF), the perfect magnetic wall
(PMW) is shifted from the OEF into the interior of the resonator
[5]. Each OEF can be read as an inductive load, which can also
make a very short WGS work as a resonator. The investigation
of the OEF characteristics and an equivalent resonator model is
needed to obtain resonator parameters such as the resonant fre-
quency and the slope parameter. The radiation from the OEFs
and the effect of a housing have to be also considered for the
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Fig. 1. (a) WGS with dimensionsa� b� d and (b) its equivalent circuit. The
OEFs are considered as PMWs.

Fig. 2. (a) WGS and (b) lumpedLC resonator with loadY .

practical use of the resonators. The resonator could be also de-
signed as a planar surface-mount device (SMD) because the res-
onant frequency is hardly changed by a variation of the height
“ ” of the WGS.

II. WGS WITH OEFS

A. Resonant Modes of a Dielectric-Filled Rectangular WGS

A structure of dielectric-filled rectangular WGS and its equiv-
alent circuit are shown in Fig. 1(a) and (b), respectively. The
OEFs of the WGS are considered as PMWs in the figure. Con-
sidering the leakages [5] of the electromagnetic field from both
OEFs of the rectangular WGS as two additional susceptance

’s, more practically, we can derive a lumpedLC resonator
model of the WGS with arbitrary loads , as shown in Fig. 2.

Using the equivalent circuit of WGS in Fig. 1 we can derive
the -parameters of WGS andLC resonator with load , re-
spectively, as follows:

(1)

(2)
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where and represent the amplitudes of s
of the Fig. 2(a) and (b), respectively, when the loads are.

Compared the two equations with each other, the equivalent
susceptance is derived as

(3)

If we set the resonant condition to be , then the electrical
length of the waveguide resonator at the resonant frequency is
given by (4). Using a root-finding algorithm, the resonant fre-
quency is from (3) as shown in (5)

(4)

(5)

where is the characteristic admittance of the WGS
The susceptance slope parameteris defined as (6)

(6)

In the above equations, the resonant frequency and the suscep-
tance are dependent on the electrical length, the character-
istic admittance of the WGS , additional susceptance and
the load .

When is zero, as the approach to resonators with PMWs
at both ends, then (3) is simplified as (7)

(7)

Equation (7) expresses the susceptance of an ideal waveguide
resonator when real loads are attached at its open ends, and it
has two solutions for resonance condition, .

First, as a conventional resonator, if zero value is chosen for
when OEF is under open or PMW condition it can be more

compact equation as Cohn [7] described for the rectangular
waveguide resonant mode

(8)

At the resonant frequency, the electrical length, the resonant
frequency , and the susceptance slope parametercan be ex-
pressed as in (9) and (10), the well-known equations for
resonant modes

(9)

(10)

or (11)

where , , is a constant, and,
and are the wavelengths in free space and in empty wave-
guide, respectively. It is difficult to define waveguide character-
istic impedance uniquely. There are at least three different
ways to define the impedance, and one of the definitions must

Fig. 3. SusceptanceB versus wavelength� ; " = 38:4, a � b � d =

20� 5� 10 (mm),B = 0, andf = 1:210 GHz.

be used consistently [8]–[10]. When the “power-voltage” defini-
tion is used, the parameter will be 2. If the wave impedance is
chosen for calculation, then is . In this paper, the “power-
voltage” definition is used consistently.

When we consider a distributed resonator, the effect of load
is frequently neglected for simplicity, as in the case of an

ideal LC resonator, and the value is treated as zero. However,
the load can change the characteristics of the resonator, such
as resonant frequency, slope parameter and quality factor, occa-
sionally. To obtain a more exact solution, we should use
condition. Supposed that is not to be equal to , the resul-
tant susceptance slope parametercan be written as

or

(12)

Second, (7) has another solution when waveguide character-
istic impedance is equal to the load impedance

(13)

(14)

where .
The corresponding susceptance slope parameteris

(15)

We can read (14) as an equation for “impedance matching fre-
quency.” This concept could be true with any waveguide that
the characteristic impedance is changed by frequency, differ-
ently from TEM mode lines.

Using (3) with or (7), the susceptance is plotted in
Fig. 3, according to some values. The zero crossing points,
P4 and P5 in the figure, represent
and resonance of (10), based on half wavelength reso-
nance. The P1, P2, and P3 mean the resonant points by
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Fig. 4. The center frequency ofTE mode and its restriction.

(14), and the electrical lengths are dependent on the load.
One limit value of the resonant frequencies of (14) is the cutoff
frequency. As the load is closer to zero, the resonant fre-
quency approaches to the waveguide cutoff frequencyand
the electrical length is closer to zero as in (14) and Fig. 3. Ac-
cording to the load value, the half wavelength resonance can be
changed from parallel to series resonance or reverse as the case
of . If the load is much higher than maximum ,
the OEF will be seen like a short circuit and will be dis-
appeared as the case of in Fig. 3. In order to make
this limitation clear, a real condition is forced to the square root
term of (14) and (16) is obtainedas follows:

(16)

Equation (16) represents the relationship between resonator di-
mensions, dielectric constant and load impedance for the
resonance. It implies that with high permittivity dielectric ma-
terial such as ceramics, resonator can be easily formed.
(16) can be also written as (17) equivalently. It means that the
load impedance has to be larger than the lower limit of the
waveguide characteristic impedance, , which can be seen
graphically from Fig. 4

(17)

where , , and .
In Fig. 3, though is also larger than

, the resonant frequency (or electrical
length) by (14) is so high (or large) that it cannot be seen in
the frequency range of the figure. The resonant frequency of
(14) is not always below that of half wavelength resonance
( ). In practice, any frequency can be chosen as the
resonant frequency, but if a frequency below resonance
is chosen, the slope parameter value by (15) is not so small and
is proper to design a bandpass filter (BPF )that has narrow or
moderate bandwidth.

B. OEF Characteristics of a WGS

If the effect of an OEF is not negligible, we should consider
additional susceptance at both OEFs of the resonator. Lets
consider a rectangular waveguide resonator filled with ZST se-
ries ceramics of . The dimensions are 20.0
5.0 10.0 [see Fig. 1(a)].

Several possible resonator configurations are given in Figs. 5
and 6, according to the OEF conditions of the resonators. The

Fig. 5. Type I resonators.

Fig. 6. Type II resonators.

Fig. 7. ABC boundary BOX (see text also).

white parts of the figures represent ground or metal parts and the
shaded parts are dielectric materials. All of the Type I config-
urations work as rectangular waveguide mode resonators. Type
II resonators can work as a mixed rectangular waveguide mode
with microstrip mode except Type II-(c). Type II-(d) was re-
ported in TEM dielectric mode filter structure [11], and as “a
SMD type partially metallized rectangular dielectric resonator”
[17].

The additional susceptance values of each OEF are
inspected with HFSS, according to the OEF conditions. First,
the one port scattering parameter was obtained by applying
ABC (absorbing boundary condition) to the open end as in
Fig. 7. The dimensions of ABC box are 200 80
100 (mm), if any ground does not limit the dimensions. The di-
mensions are chosen such that the solution could converge, and
then the dimensions could be larger than 0.3of the free-space
wavelength [12]. The parameter was de-embedded in order
to remove the length of the dielectric-filled waveguide in
Fig. 7. Then the resultant was converted into admittance
parameter, , to determine the additional susceptance
using (18)

(18)
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Fig. 8. B values of Type I resonators.

Fig. 9. B values of Type II resonators.

The calculated values of Type I and Type II resonators
are shown in Figs. 8 and 9, respectively. Thevalues are all
negative. It means that the open ends give inductive character-
istics equivalently. The OEF gives lower inductive value, as the
ground planes are wider.

C. Resonant Frequency

Once value is determined the resonant frequency of a
resonator can be calculated by (3) and (5). To verify the cal-
culations by experiment we measured the resonant frequencies
under loose coupling condition. One measured result is shown in
Fig. 10 for Type II-(e) resonator with , ,

and mm. Each marker pointed to , ,
, and mode peaks, respectively. We assumed infi-

nite , which is practical assumption becauseis so high that
it could not change the resonant frequency under loose coupling
condition. The comparison of measured and calculated mode
data are also given on Table I. The differences of the two cor-
responding frequencies are all under 2%. The errors are par-
tially caused by the roughness of metallized wall which gives
nonzero gap between the resonator and ground plane. It was
more than several hundred micrometers sometimes according to
metallizing condition. Hence, the by the OEF could be in-
creased and the resonant frequency could be decreased in mea-
suring process.

Another comparison is given in Table II for a resonator of
Type II-(d) with , , , . In

Fig. 10. Measured lowest four-poles for a type II-(e) resonator;
M1 = TE , M2 = TE , M3 = TE , M4 = TE .

TABLE I
COMPARISON OFMEASURED AND CALCULATED RESONANT FREQUENCIES.
USED RESONATOR: " = 38:4, a = 20:0, b = 5:0, d = 10:0 mm AND

TYPE II-(e). SEE ALSO FIG. 10 AND TEXT

TABLE II
COMPARISON OFMEASURED AND CALCULATED RESONANT FREQUENCIES.

USED RESONATOR: " = 94, a = 9:0, b = 1:9, d = 10:5 (mm),
AND TYPE II-(d)

this case, the resonator lengthis so long that the resonant fre-
quency of is closer to that of .

According to the length “” and the height “” of a resonator,
the higher order modes, , , and could be
located on much higher frequencies as it can be read in (10) and
(14). In other words, the electrical length of the resonator
can be chosen arbitrary using equation (3) and the data in Figs. 8
or 9, because the susceptance value is changed not by the
resonator length but by the frequency. In practice, the electrical
length 0.X radian can also work as a resonator as in the Fig. 11.
Using short-length resonator the spurious response by
modes could be avoided.

In Table III, the calculated and measured resonant frequencies
of the 12 resonators in Figs. 5 and 6 were compared each other.
The same resonator with , , , and

mm was used. All the measured frequencies agree
well with calculated data as the above examples. The effect of
OEF is to increase frequencies to all resonance, because all of
the s are inductive value as shown in Figs. 8 and 9.

A top view of -field distribution of a resonance is
shown in Fig. 12. This was re-drawn from HFSS field data. The
PMW is shifted into the interior of resonator as Kundu [4] has
mentioned. For the mode, very short resonator length
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Fig. 11. Electrical length andTE resonant frequencies: Type II-(e)
resonator with" = 38:4, a = 20:0 mm, b = 5:0 mm, (3), (4), and the data
in Fig. 9 are used in calculation.

TABLE III
RESONANTFREQUENCYCOMPARISON OF12 TYPES OFTE RESONATORS; A

RESONATORWITH " = 38:4, a = 20:0, b = 5:0 AND d = 10:0 (mm),
EQUATION (3) AND THE DATE IN FIGS. 8 AND 9 WERE USED

Fig. 12. Top view ofTE (H-field).

can be also chosen, because the PMW is at the center of the
resonator.

D. The Quality Factors

In this type of resonators, at least, there are three kinds of
losses such as conductor, dielectric, and radiation loss. Those
are represented in terms of , , and , respectively. Lets
consider that a dielectric-filled WGS of lengthis extended
with empty infinite waveguide [Type I-(f)], as in Fig. 13. The
field distributions [5] inside and outside of the section are given
by (19)–(24). The mode is supposed to be in the section.
The , and , represent the electric and magnetic fields

Fig. 13. Coordination system for Type I (f) resonator.

inside and outside of the resonator (dielectric-filled WGS), re-
spectively

(19)

(20)

(21)

(22)

(23)

(24)

The quality factor due to conductor loss, can be repre-
sented as a ratio of stored energy, , and conductor loss, ,
from the finite conductivity of the conductor of the resonator.
The stored energy terms of the-field and -field

are calculated as (25)–(28)

(25)

(26)

(27)

(28)

(29)

where and are the conjugate complexes of theand ,
respectively.

The conductor loss and the quality factor can be cal-
culated as follows:

(30)
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Fig. 14. Rectangular aperture for radiation of OEF.

where

(31)

where , .
The dielectric quality factor, is calculated simply from
, value as follows:

GHz (32)

In order to consider radiation loss from the OEF, Konishi [1]
derived and by replacing the electric field of the OEF by
magnetic current

(33)

(34)

where is the radiated power, and is the radiation factor,
is the free-space wavelength, andis the free-space intrinsic

impedance. He assumed the OEF as a PMW. But this assump-
tion sometimes gives big difference between measured and cal-
culated s. In practice, the is not infinite (normally, less
than 100), the tangential component of the magnetic field exists
at the OEF, and some energy can be stored around outside of
the OEF. This magnetic field causes an effective electric current
source at the OEF and additional loss [4], [5].

Let us consider the coordination system shown in Fig. 14,
used to derive the radiation loss at the OEF of the resonator.
The tangential components of the electromagnetic fields at the
OEF are and . For the simplicity of the problem, if these
fields are distributed uniformly with keeping conservation of the
total power, the tangential components and are given by
(35) and (36) from (22) and (23), respectively. If the distance

to the observer is large enough, this approximation become
appropriate

(35)

(36)

By the equivalence principle, the equivalent current densities
and are obtained as follows:

(37)

(38)

After far field analysis, the radiated power from
OEF is obtained as (40)

(39)

(40)

where

and

The radiation quality factor is then calculated as follows:

(41)

The unloaded quality factor can also be calculated using fol-
lowing equation:

(42)

Using the above equations, we calculated quality factors of
the resonator [ (mm), ].
The quality factors versus the resonators lengthis plotted in
Fig. 15. The measured of Type II-(e) is also shown in the
same figure. The used dielectric material is a ZST (Zr–Sn–Ta)
series ceramic with value of 20 000. The thickness of the
silver coating was five to ten times the skin depth (1–2m).
The resultant conductivity of the silver coating is 60% to 70%
of that of the pure Ag [1], [5]. We used 60% of the conductivity.
As the length of the resonator is decreased, the radiation loss is
increased and become the dominant factor in the total unloaded
quality factor, .

E. Resonator With Electrodes at Both Opposite Sides

When we use a resonator in practice, coupling ports to the
input and the output are needed. Gonishi [1] has suggested
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Fig. 15. Calculated and measuredQ-factors of the resonator.a � b � d =
20 � 5 � d (mm) and" = 38:4.

Fig. 16. Electrode structure at OEFs.

Fig. 17. CalculatedB values according to electrode size (h0w0 meansh =

0 mm andw = 0 mm). The used resonator: 20� 5� 10 (mm)," = 38:4.

metal-coated electrode on the open face of the ceramic res-
onator, previously. We can use the structure for these resonators
as in Fig. 16. The electrodes are formed on the center of both
OEFs and the dimensions are given as height “” and width
“ ” in millimeter. For example, means that the height is
4 mm and the width is 1 mm.

In this case, the change of the load by the electrode should
be considered. According to various electrode dimensions, the
width “ ” and the height “ ,” the calculated values are pre-
sented in Fig. 17, after the same analysis using HFSS. As the di-

Fig. 18. Frequency changes according to widthw of the electrode. The used
resonator: 20�5� 10 (mm)," = 38:4.

Fig. 19. MeasuredQ factor versus electrode size whenh = 4:0 mm:a� b�
d = 20� 5 � 10 (mm), " = 38:4.

mensions of the electrode increase, thevalue also increase.
This gives the result of a decreasing resonant frequency as in
Fig. 18.

When the width of the electrode,, is about 2.0 mm, the
quality factor is maximum. However, the electrode of the OEF
is not highly affective to the quality factor as shown in Fig. 19.

III. B ANDPASSFILTER APPLICATIONS

As was discussed in the previous section, whenis zero,
the resonant frequency is given by (14). In order to take an ex-
ample for this resonance, we tried to design a waveguide BPF
with two kinds of dielectric materials. The structure is shown in
Fig. 20. For the resonator parts a dielectric material with relative
dielectric constant of 2.0 is used. The other parts, air and the ma-
terial of relative dielectric constant of 6.0, consist the inverters
as the inverter structure of Fig. 21. The resonant frequency and
the slope parameter of the resonator are calculated directly by
using (14) and (15).
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Fig. 20. A crosscut of the four-pole BPF used frequency dependency of WG
characteristic impedance.

Fig. 21. J inverter for the BPF of Fig. 32.

Fig. 22. A BPF with admittance inverters and the definition ofY .

We used the general BPF design method where the inverter
concept is used as in Fig. 21. The design equations are well
known as (43)–(45) [13]

(43)

where (44)

(45)

where is the fractional bandwidth and is the lowpass pro-
totype element value.

Differently from lumpedLC resonator, the center frequency
and the slope parameter of the waveguide resonator can be
changed by load levels, as was discussed in the previous
section. The loads of each resonator have to be involved into
the design procedure, especially, in designing a BPF of wide
bandwidth. For this reason, an additional condition should be
considered as (46). The is the admittance shown in Fig. 22
is as follows:

where (46)

With the resonator parameters calculated by equations of pre-
vious sections and these design equations, we obtained the BPF

TABLE IV
DESIGN VALUES OF THEBPFIN FIG. 20

Fig. 23. Frequency responses of the BPF on Table IV and in Fig. 20.

Fig. 24. Five-pole BPF structure using Type II-(f) resonators (not scaled).

dimensions as on Table IV. The frequency dependent property
of the Inverter [14] was also considered.

The simulated and measured frequency responses for the
four-pole BPF are given in Fig. 23. They agree well with the
design specifications such as center frequency, bandwidth,
and passband ripple. The difference between measured and
simulated characteristics is mainly caused by the unwanted
gaps between dielectric layers of resonators and inverters.

Using Type II-(f) resonators, the BPF that upside is opened
was designed as another example. The filter structure is given
in Fig. 24.

The design values and frequency response are also given in
Table V and in Fig. 28. In the Table V “ ” represents a small
decreasing of the electrode dimension after frequency tuning
process. The coupling coefficient concept [13]–[16] was used in
the design procedure. The bandwidth of the filter is a function
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TABLE V
DESIGN VALUES OF 4-POLE BPFIN FIG. 24

Fig. 25. Measuredf andk values according to widthw of electrode.

of inverters and slope parameters of the resonators used in the
BPF. The coupling coefficients , can be defined as in (47)
and (48)

(47)

(48)

The coupling coefficient can be calculated by measuring ex-
ternal quality factor or fractional bandwidth, , when a res-
onator is coupled to an external circuit that has admittance.
The inter-resonator coupling coefficient is also easily deter-
mined by measuring fractional bandwidth or peak frequen-
cies and under loose coupling condition of two identical
resonators, and (49) [15], [16]

(49)

Some experimental results of the coupling coefficients are given
in Figs. 25–27. The dimensions are 20 5 10 (mm)
and the relative permittivity is 38.4 in the figures. The elec-
trode size is not so critical to the coupling coefficient values
if it is above some value ( mm), differently from res-
onant frequencies, as shown in Fig. 25. In Fig. 26, we can see
that the inter-resonators coupling coefficient is not sensitive
to the electrode dimensions “” and “ .” Hence, we can design
the BPF with the data in Fig. 27. The dimensionis the dis-
tance between two coupled resonators as in Figs. 26 or 27.

Using Type II-(d) resonators with a material of relative dielec-
tric constant of 94, and dimension of 9.5 1.5

Fig. 26. Measured coupling coefficientk .

Fig. 27. Measured coupling coefficientk .D is the coupling distance.

Fig. 28. Frequency responses of the five-pole BPF in Fig. 24 and on Table V.

1.8 mm, a four-pole BPF with of 2.0 GHz, BW of 100 MHz
was designed. In order to reduce the spurious response, the short
length was chosen. The filter structure is given in Fig. 29, with
the design values in Table VI. The frequency response is given in
Fig. 30. In Fig. 31, the higher modes are effectively sup-
pressed; only , , modes appear. The
mode was also suppressed below36 dB. Because the excita-
tion at the port electrode is symmetric along the dimension “,”
the electromagnetic field of mode, which is odd function
shape, is hardly to be formed.
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Fig. 29. Four-pole BPF structure with Type II-(d):" = 94, and dimensions
a = 9:5 mm,b = 1:5 mm, andd = 1:8 mm. (Not scaled.)

TABLE VI
DESIGN VALUES OF 4-POLE BPFIN FIG. 29

Fig. 30. Frequency responses of the four-pole BPF in Fig. 29 and in Table VI.

Fig. 31. Measured spurious response of the four-pole BPF in Fig. 29 and on
Table VI.

The design values are given for the four pole BPF with Type
II-(d) resonators in Table VI. The coupling D represents the
physical distance between two adjacent resonators.

To inspect the effect of a housing, we prepared some metal
cases larger than a two-pole filter in which two resonators are

Fig. 32. The effect of a housing; coupling coefficients and resonant
frequencies versus gap,DD. The all distances from nearest case walls are all
the sameDD.

coupled by a distance, mm. means the distance from
the two-pole filter to any nearest case walls as shown in Fig. 32.

is not sensitive from 5 mm for coupling coefficient, and
from 10 mm for resonant frequency as in Fig. 32. Type II-(d) res-
onators with , , and (mm)
were used. As the resonator dimension “” is decreased, the ef-
fect of a housing also decreased by other experiments. This data
is useful for not only when the resonator or filter is packed but
also when it is used directly on PCB as an SMD.

IV. CONCLUSION

New rectangular-waveguide-type dielectric resonators
were investigated. The calculated and measured resonant fre-
quencies agree well with each other, and depend strongly on the
width “ ” of the WGS and loosely on the length and the height.
Hence, the dimensions of the resonator can be chosen almost
arbitrarily except the width “.” The resonator could be also de-
signed as a planar SMD device because the resonant frequency
is hardly changed by a variation of the height “” of the WGS.
The proposed BPF shows highly reduced spurious up to three
times the center frequency. Newly calculated quality factors in-
cluding radiation agree well with experimental results. The
effect of a housing was also discussed. This data could be also
used as a guideline of spacing from other devices when this res-
onator or filter is directly used on a system PCB without indi-
vidual housing.
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