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The Circular Wire-Patch Resonator—Theory,
Numerical Analysis, and Filter
Design Application

Massimiliano Simeoni, Member, |EEE, Roberto Sorrentino, Fellow, IEEE, and Serge Verdeyme, Member, |EEE

Abstract—In this paper, a new type of microstrip resonator is
presented, i.e, the circular wire-patch resonator. This component
exhibits interesting electrical performances, including very
compact dimensions and the possibility of high integration in
multilayer low-temperature co-fired ceramic modules. For this
new resonator, a transmission-line model, a finite-element-method
analysis, and an application in filter design and some measure-
ments are presented. Experimental results are discussed and
compared with the theoretical and numerical ones showing a good
agreement.

Index Terms—Finite-element method (FEM), passive filters,
patch resonator, @ factor, transmission-line theory.

I. INTRODUCTION

OMPATIBILITY between planar circuits and monolithic

microwave integrated circuits (MMICs) is a reason why
it is very interesting to develop more compact and better per-
forming passive microstrip components.

A very compact planar resonator useful to build low-temper-
ature co-fired ceramics (LTCC) technology compatible low-loss
microwave filtersis presented in this paper.

Recently, Simeoni et al. [1], [2] presented a similar resonator
(the rectangular wire patch) obtained by introducing a metallic
post (via-hole) establishing an electrical connection between
a microstrip patch and its ground plane. The insertion of the
via-holeintroduces alow-frequency resonance (compared to the
fundamental resonance of the unperturbed patch), referred to
here as " parallel resonance,” aterm already used in the antenna
domain [3].

The present structure, the circular wire-patch resonator, is de-
rived from the modification of the rectangular one. The new
structure presents the advantage of acircular symmetry that en-
ables the development of a theoretical model; the structure is
shown in Fig. 1. The benefit of size reduction, observed for the
squared resonator, is still present in the circular one.
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Fig.1. Circular wire-patch resonator: physical structure. (a) Top view. (b) Side
view.

The model, presented in Section |1, is based on the theory of
radial transmission lines and, via the solution of an eigenvalue
equation, enables the analysis and synthesis of the resonator.
End effects are taken into account. A theoretical estimation
of the unloaded quality @ factor is obtained via the calcu-
lation of the electromagnetic (EM) energy stored inside the
resonator and the average loss power (perturbation method).
The theoretical results are presented, with the numerical and
experimental ones, in Section 1V. By performing a full-wave
finite-element method (FEM) analysis of the embedded
resonator (Section 111), the distribution of the electric and
magnetic fields inside the structure can be visualized and both
the free and forced oscillation frequencies can be obtained. In
Section 1V, some experimental results are presented, showing
the correct functioning of the resonator. Finally, in Section V,
an example of bandpass filter design is presented. A filter for
the Personal Handyphone System (PHS), a Japanese standard
for personal mobile communications, has been synthesized.
The design procedure results in a very compact structure:
a two-pole filter having a central frequency of 1906 MHz
is easily redlized in a low-permittivity dielectric substrate
(e = 2.32), having a surface of 7 cm x 4 cm.

Il. THEORY

A. Eigenvalue Equation

Let us consider a guiding structure composed by two con-
ducting circular and parallel planes separated by a dielectric
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Fig. 2. Radial line model of the circular wire-patch resonator.

medium, this structure is known as a radial transmission line.
The simplest propagating wave of this structureisa TEM wave
propagating in theradial direction; the electric field is polarized
in the axia direction and the magnetic field is purely circum-
ferential. In the following discussion, atime factor ¢/“* will be
assumed. Obviously there is not any radial component of the
fields, the analytical expression of the £ and H vectorsin cylin-
drical coordinatesis given by [4]

E =E.a. )
H =Hyay @)

where

E. = AHV (kr) + BH (kr)
' ©)

H,= % [AHl(l)(kr) + BH§2>(/W)} .

H;"")(z) is the Hankel’s function of the »th type (v = 1,2)
and ith order (: = 0,1), k is the wavenumber. A and B are
amplitude factors, » = \/ /e is the wave impedance, and j is
the imaginary unit.

The Hankel’ s functions are linear combinations of first- and
second-kind Bessel’s functions [H,El)(a:) = J,(z) + jN.(z),
HP(x) = J,(z)— jN,(x)] [5]. Along theradial direction, the
g (kr) terms are identified as the negatively traveling wave,
while the H (kr) terms are identified as the positively trav-
eling wave.

The circular wire-patch resonator can be seen as a radial
transmission-line short circuited at » = a [perfect electric
conductor (PEC)] and opened at » = & [perfect magnetic
conductor (PMC)]; a and b are the radius of the via-hole and
the patch, respectively (Fig. 2).

By applying the boundary conditionsat » = aand» = b
(the tangential component of the electric and magnetic fields
are, respectively, equal to zero)

E.(kr)lr=o =0
{ Hy(kt)omy = 0 “)

we obtain

{ AH (ka) + BHS? (ka) = 0 -

AH® (kb) + BHP (kb) = 0.
We can write the system (5) in the form of a matrix equation

i ) 16
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The nonzero solutions are the roots of the following equation,
i.e., the eigenvalue equation, obtained equalling to zero the de-
terminant of the 2 x 2 matrix in (6):

HY (k) HP (kb)) — HO (W) HD (ka) = 0. (7)

Thefirst value kg of % that satisfies the eigenval ue equation cor-
responds to the fundamental resonating mode of the structure.
The resonance frequency is calculated by

— ko
fo= PRk €
A simple program finding the roots of the eigenvalue (7) easily
calculates the eigenvalue k.

B. End Effects

Equation (7) is based on the assumption that the electric field
is purely vertical at the patch edges (electrical open-circuit as-
sumption). A more accurate model must take into account the
end effects generated by the abrupt termination of the guiding
structure. The end effects are model ed by introducing an equiv-
alent relative dielectric constant of the medium filling the space
between the two conducting planes and an effective radius of
the microstrip patch.

Intheradia-linemodel, the electric field at the patch edgesis
assumed to be polarized in the z-direction and having no vari-
ations along the circumference of the patch, exactly the same
peripheral distribution of the £ vector at the edges of acircular
microstrip disk capacitor. The equivalent relative permittivity
of the dielectric medium and the effective radius of the patch
can be calculated using the same equations used by Wolff and
Knoppik [6] to characterize the effect of the fringing fields in
the microstrip capacitors.

The equivalent relative dielectric constant (¢.) isafunction
of the patch dimensions, substrate thickness (%), and relative
dielectric constant of the substrate ,.; the following expression
can be used [6]:

b 1 2e0er
focurd +{ Z(2b, hot,e,) - =% b} b
h Uph, h ©)
feq = 2
1 2
ot (@b ten = 1) 20|
h Co h

where vy, is the phase velocity of a quasi-TEM wave on ami-
crostrip line of width 26 and thickness ¢, on adiel ectric substrate
(e,) of thickness h.
vpn 1S given by
coZ(2b,h,t,e,)

Z(2b,h,t,e,. = 1)
where ¢o = 3 x 10® m/s is the phase velocity of light in
vacuum and Z(2b, h, t, e,.) is the characteristic impedance of a
microstrip line of width 2b on a substrate (,.) of height z and

metallization thickness ¢ [7].
The effective radius of the patch [6] can be calculated by

2h b
beff = b\/l + ﬁ |:111 <ﬁ) + 17726:| .

It takes into account the electric and magnetic stray field of a
resonator filled with a homogeneous medium (e, = 1). Re-

(10)

Upl, =

(11)
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Fig. 3. Comparison between the patch radius of a standard circular patch
resonator and the circular wire patch. The two resonators are printed on the
same dielectric substrate (Duroid RT5870).

placing b with ber in (7), we are able to calculate kg; using eeq
at theplaceof ¢,., wecanfinally cal culate the resonant frequency
by (8).

The model can be inverted and used to synthesize a circular
wire-patch resonator to produce a resonance at a given fre-
quency. Fixing the characteristics of the substrate, the section
of the via-hole and the value of the resonant frequency, we can
automatically calculate the radius of the patch. Fig. 3 shows
a comparison between the radius of a standard circular patch
resonator and the radius of the circular wire patch; asafunction
of the resonant frequency. The curve relative to the standard
circular patch has been drawn according to the analytical
expression of the resonant frequency of its fundamental mode
(TM,10) as given by Watkins [8]. The curve relative to the
wire-patch is derived from the proposed model. The two
resonators are printed on the same dielectric substrate (Duroid
RT5870) having a relative dielectric constant of 2.32 and a
thickness equal to 790 p:m. The radius of the via-hole for the
wire patch is 250 pm.

Using the circular wire-patch, an evident reduction of the
patch radius can be achieved, particularly for relatively low res-
onant frequencies.

C. Loss Estimation

The loss estimation is based on the evaluation of the EM en-
ergy stored inside the resonator and the average power dissi-
pation. The following definition of the @ factor is employed
(9, p. 314]):

w( time—average energy stored in the system)
energy loss per second '

Q=

A first @ factor associated with the metallic losses and a second
one associated with the dielectric losses are evaluated. The
overal unloaded @ factor of the resonator isthen deduced. The
average energy W stored in the resonator is

(12)

€0%eq =2
w :Welectric[max = 2 [E[ dv
Volume

27 ph pbogr
_E0%¢cq / / / [EZIQTdezd@.
2 0 0 Ja

Since the expression of the electric field in known in an analyt-
ical form (3), the last integral can be easily evaluated.

(13)
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Fig. 4. Surface current distribution at the resonant frequency.

To evaluate the losses caused by the finite conductivity of
the metallic walls, the surface currents J, are first calculated.
Knowing the tangential magnetic field at each metallic surface,
.J, can be expressed asfollows (for the lower plane, upper plane,
and via-hole, respectively):

Js = _qu&r J_s = H¢&1 J_S = H¢[1‘:a&z (14)

where a,. and . arethe unit vectors of the »- and z-axis. Fig. 4
shows the surface currents distribution.
The power loss in the metallic walls in given by

p="2 / T |2ds
2 Metallic surfaces

R 27 borr
= s / / \Hy[2rdrdf + 2nhal Hy(r = a)|?
0 a ~
‘ . -

(15)

where R, = 1/06 isthereal part of the surface impedance of
the metallic walls having ¢ conductivity and skin depth § =
(2/wpa)'/?. A isthe contribution to the losses associated with
the patch and to the ground plane and B is the contribution to
the losses associated with the via-hole.

The (@ factors associated with the ohmic and dielectric losses
ae Quer = wW/P and Quier = €'/€”; where ¢’ and ¢” are,
respectively, the real and imaginary parts of the permittivity of
the dielectric medium filling the resonator.

The overal unloaded @ factor is

Qo = ((Qumet) ™" + (Qaie) ™)

-1

(16)

I1l. NUMERICAL ANALYSIS

A full-wave three-dimensional (3-D) EM analysis of the
resonator has been performed using EMXD, an FEM software
([10, pp. 53-78]) developed at the Institute of Research for
Optical and Microwave Communications (IRCOM), University
of Limoges, Limoges, France. Both free oscillation and aforced
oscillation (coupling the resonator to two microstrip lines)
analysis have been performed by limiting the computational
domain to within a metallic box.

Four different resonators have been dimensioned using our
model to resonate at the frequency of fy. The physical dimen-
sions are summarized in Table .
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TABLE |
PHYSICAL DIMENSIONS OF THE PROTOTYPES

Res. n.  fo (GHz) b (mm) a (mm) A (mm) e,
1 2.40 9.46 0.250 0.790 2.32
2 5.80 4.14 0.250 0.790 2.32
3 2.40 8.90 0.400 0.780 3.20
4 0.68 27.89 0.400 0.780 3.20

B MAX

Fig. 5. Fields distribution at the resonant frequency (in a horizontal plane
section at mid-height of the dielectric substrate).

The actual sizes must be compared to the dimensions of the
conventional circular-patch resonators resonating at the same
frequencies [8]. The patch surface area is reduced approxi-
mately 6-7 times, with the presence of the via-hole, depending
on the resonant frequency (see, for example, Fig. 3).

In the finite-element meshing, the circular patches have been
approximated by polygons having 12 sides and perimeter length
equal to the circumference of the patches. This approximation
can lead to some differences between the numerical results and
theoretical ones. A conductivity of 5.7 x 10° §/m is assumed
for the patch and via-hole, an infinite conductivity is assumed
for the shielding box. Dielectric losses are taken into account by
means of the tangent loss of the medium.

The resonant frequencies and @ factors obtained by the FEM
(freeoscillations) analysis of the prototypesareonly 1%—2%re-
moved from the theoretical values. These results are presented,
together with experimental measurements, in the Section IV. In
order to compare the numerical results to some experimental
data, we have analyzed the resonators by weakly coupling the
single patch to a couple of microstrip lines and looking for a
transmission peak associated with the resonance (forced-oscil-
lation analysis). Two 50-Q2 lines are coupled to the resonator
simply by their proximity; the amplitude of the gap between the
patch and lines changes the amount of these couplings. A gap
of 300 zmis used for al the cases considered.

Fig. 5 shows the magnitude of the electric and magnetic field
at the resonant frequency in ahorizontal section of the structure.

According to the model, the magnitude of the electric field
is mainly concentrated at the patch edges, where the magni-
tude of the magnetic field has a minimum. The maximum of the
magnetic field around the via-hole is associated with the dis-
placement current flowing through the metallic post. The elec-
tric current flowing in the microstrip lines is highlighted by
the magnetic-field concentration below the conducting strips.
The dectric-field distribution suggests the possibility of cou-
pling by proximity two or more resonators between them and to
microstrip lines, enabling the synthesis of very compact planar
filters.

Another interesting feature of the circular wire-patch
resonator is the good frequency isolation of the “paralléel reso-
nance.” The first higher order mode appears far enough from
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Fig. 6. One of the fabricated prototypes inside its shielding box (cover
removed).

the fundamental resonance (at approximately 2f,) to permit
the use of the resonator to synthesize wide-band spurious-free
microwave filters.

IV. EXPERIMENTAL RESULTS

The prototypes presented in Table | have been realized and
their performances measured on an HP8510 network analyzer.
Fig. 6 displays one of the prototypesinside its shielding box.

The experimental estimation of both the resonant frequency
and @ factor has been redlized using a transmission-type
technique [11]. The transmission coefficient (|S2;|) between
the input and output ports is measured. The appearance of a
transmission peak outlines the resonance of the component.
By measuring the central frequency of that peak and its width,
the resonant frequency and loaded (@ factor associated with
the resonance can be estimated. If the transmission lines are
weakly coupled to the resonator, the value of the loaded @@
factor is quite close to the value of the unloaded one, and the
former value can then be used as a rough estimation of the
latter. By measuring the level of insertion loss at the top of the
peak (|S21(fo)]), one can calculate the coupling between the
resonator and external circuit and, hence, derive the value of
the unloaded @ factor. The weakness of the coupling between
the resonator and microstrip lines increases the accuracy of the
Q-factor estimation [12].

The theoretical, numerical, and measured values of both the
resonant frequency and @ factor are summarized in Table 1.

For the resonant frequency, we must compare the FEM
free-oscillation (Fr.O.) values to the theoretical ones and the
FEM forced oscillations (Fo.0.) to the measured ones. For the
Q) factor, we must compare the numerical results (Fr.O.) to the
theoretical and measured values. Resonators 3 and 4 have been
measured without any shielding box. They are then supposed
to radiate a nonnegligible amount of power in the free space,
in reason of the relatively large thickness and low permittivity
of their substrates. Resonators 1 and 2 have been measured
inside their shielding brass boxes. It should be noticed that
the numerical analysis for each resonator has been conducted
including the effect of the shielding cover.

For the resonant frequency, a very good agreement between
theoretical, numerical, and experimental values can be noticed.
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TABLE I

THEORETICAL, NUMERICAL, AND EXPERIMENTAL RESULTS

fo (GHZ) Qo
Res.

FEM FEM
n. Th. Fr.O.lFo.O. Mea. | Th. o Mea.
1 2.40 | 2416 | 2432 | 2.392 | 244 307 195
2 5.80 | 5.803 | 5.730 | 5.656 | 196 244 120
3 240 | 2410 | 2461 | 2482 | 173 226 116
4 680 | 0.698 | 0.686 | 0.675 | 129 204 84

o
Gap 2

\ M P

TS
ap 1

Fig. 7. Two-pole PHS filter layout.

The deviation between the theoretical and experimental values
of theresonant frequency isthe order of approximately 1% (con-
sider, for instance, resonator 1). For the @ factor, the theoretical
computations provide arough estimation of the actual values. A
bigger error is experienced for the unshielded resonators (res-
onators 3 and 4) since the radiation losses are nonnegligible in
these cases.

V. FILTER DESIGN EXAMPLE

Todemonstratethe possihility of integrating thecircular wire-
patch resonator in the passive microwavefilter design, wefocus
onaspecific application. The application considered isthe PHS,
a Japanese standard for personal mobile communications.

The PHS uses afilter with the following characteristics.

* Center frequency = 1906 MHz.
 3-dB bandwidth = 27 MHz.

* In-band ripple < 0.8 dB.

* In-band insertion loss < 3 dB.

First, the dielectric substrate on which to print the circuit is
selected. The RT/Duroid RT5870 (rel ative diel ectric constant of
2.32 and thickness of 0.790 mm) has been chosen for reasons of
price, availability, and mechanical properties.

The topology of the filter is very simple and consists of two
identical circular wire-patch resonators, resonating on their par-
alel mode at the center frequency of the filter (1906 MHz).
The resonators are mutually coupled by proximity and coupled,
in the same manner, to two microstrip transmission lines. The
in/out lines partially surround (for an angle «) the resonatorsin
order to increase the amount of in/out coupling. Fig. 7 displays
the filter layout (top view).

The first step is to empirically fix the coupling angle. Once
fixed, the coupling angle « (30°), the width of the gap between
the lines and the resonators (Gap 1) sets the proper vaue of
the input coupling. The inter-resonators coupling is tuned
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Fig. 9. Experimental (top cover on) and theoretical (lossless FEM) filter
response.

by changing the width of the gap separating the two patches
(Gap 2).

The resonators are analytically dimensioned using the model
presented in Section Il. After a quick tuning, performed via
a full-wave EM analysis (FEM), the design specifications are
matched with a structure having the following dimensions.

* Patch radius (identical for both resonators) = 11.80 mm.

 Via-holeradius (identical for both resonators) = 250 zm.

e Gap-1 width = 120 pm.

e Gap-2 width = 60 pm.

e a = 30°.

To stress that the optimization process has not affected the
starting dimension of the patch radius, it resultsin avery quick
design.

A prototype of the filter has been realized and measured in-
side its shielding brass box (included in the full-wave EM sim-
ulations).

Fig. 8 shows a photograph of the fabricated two-pole PHS
filter.

Figs. 9 and 10 show the experimental results, in narrow-band
and broad-band, respectively. An increase in the bandwidth
(35 MHz instead of 27 MHz) and a consequential increase of
the in-band reflection can be noticed. The insertion-loss level
at the central frequency is approximately -3.8 dB. The centra
frequency is at 1907 MHz, which is only 1 MHz from the
desired value.

The wide-band transmission confirms an excellent stopband
rejection; adirect consequence of thevery good frequency isola-
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Fig. 10. Experimental broad-band filter response.

tion of the parallel resonant mode. The first higher transmission
peak appears at approximately 4.5 GHz and is associated with
the higher order resonance of the patches.

The excess in-bandpass and in-band insertion loss can be ex-
plained by the fact that the prototype has been realized with
nonoptimum manufactory facilities. Uncertainty in the manu-
facturing tolerance of the gaps is the main problem that affects
the realization. The imperfect connection between the silver-
plated ground wire and the copper patch probably causesthe ex-
cessive insertion loss. A continuous metallization for the patch
and via-hole could probably reduce the ohmic losses, increase
the unloaded @@ factor of the resonator, and then reduce thefilter
insertion loss.

V1. CONCLUSION

A novel microwave resonator, the circular wire-patch res-
onator, has been introduced in this paper. The insertion of a
metallic post establishing an electrical connection between a
microstrip circular patch and its ground plane introduces a new
low-frequency resonance. Just as in the case of the rectangular
wire-patch resonator, presented in aprevious paper, theresulting
structure shows very compact dimensions associated with good
electrical performances. The values of the unloaded @ factor
for this new component are analogous at the case of classic mi-
crostrip patch resonators.

A radial transmission-line model enables the anaytical
(hence, virtually instantaneous) analysis and synthesis of the
component. The redlization of various prototypes has fully
confirmed our model. The experimental results, especialy
for the resonance frequency, are in excellent agreement with
the theoretical ones. The predicted value of the resonator’'s
unloaded ( factor (obtained by aclassical perturbation method)
leads to a rough loss estimation. A numerical analysis (FEM)
completes the investigation of the component.

A simple two-pole filter design has been presented in order
to show the possible integration of this component in the pas-
sivefilter design. The PHS (center frequency of 1906 MHz and
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bandpass of 27 MHz) has been selected as a potential appli-
cation. Both narrow-band and broad-band measurements have
been presented, confirming the potentialities of the resonator
and displaying the very good stopband rejection of the filter. A
better realization of the prototypes could surely lead to a finer
agreement between the predicted and experimental behavior of
the filter.
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