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Narrow Bandpass Filters Using
Dual-Behavior Resonators

Cedric Quendo, Eric Rius, and Christian Person

Abstract—This paper reports on a new concept of narrow
bandpassfiltersleadingto perfectly controlled electrical responses
within both the required operating bandwidth and adjacent un-
desired bands. A specific topology is considered for such a“global
synthesis’: in comparison with conventional filter performances,
it provides significant improvementsin terms of rejection control.
The attenuated frequencies are each located apart from the band-
pass frequencies and controlled by means of n transmission zeros
introduced through original dual-behavior resonators (DBRS).
These resonator s are based on the association of different parallel
open-ended stubs and allow the designer to independently control
the in-band and out-of-band responses of the filter. A global
synthesis approach is also discussed on a simplified architecture
based on stepped impedance stubs, and the experimental results
shown clearly validate the proposed concept. This simplification
reducesthe number of degrees of freedom when designing a DBR,
and consequently the two transmission zer os become dependent.

Index Terms—Filter synthesis, microstrip
microwave bandpass filter, open-ended stubs.

technology,

I. INTRODUCTION

HE expansion of new telecommunication systems has

brought severe constraints and particular requirements
for RF front-ends and especialy for RF filters [1]. Electrical
performances regarding either out-of-band rejection or in-band
transmission losses as well as cost, reliability, or dimensions
have to be considered. For example, RF filters are commonly
used inside receivers with drastic specifications about rejection
in the adjacent transmitted frequency band to preserve them
from possible damage and degradations due to high TX power.
High-order filters are, therefore, required with classical topolo-
gies, but, unfortunately, they lead to high insertion losses and
a significant degradation of the carrier-to-noise ratio (CNR).
These difficult problems are studied intensively in microwave
filters. These studies are based on technology, on the one hand
[2], [3], and on specific investigations that are being made
about new filter topologies including transmission zeros, on
the other hand.

The use of multimode resonators for waveguide application
or dielectric resonators seemsto be agood solution [4]-{10] but
it presents several problems such as weight, cost, tuning, and
sensitivity. Inthisway, planar filters present agreat interest, but
they are not as efficient as waveguide filtersin terms of losses.
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Some planar applications have been inspired by waveguide
methods using dual-mode ring resonators, but they are complex
to design [11]{13].

For planar applications, some of this work involves modi-
fying the lumped scheme and using Richards' transformations.
This solution is very interesting, but does not really use the in-
trinsic specificity of distributed elements due to the utilization
of equal length or commensurate transmission lines [14]{21].

Malherbe [22] demonstrated that it was possible to realize
more efficient filters by using noncommensurate transmission
lines[23],[24]. Later, Salerno et al. [25] went beyond these con-
siderations and made an interesting statement about the design
of microwave filters. Their conclusion wasthat it is desirable to
adopt a design procedure operating directly on the microwave
structure. Indeed, in this way, some degrees of freedom can be
used to improve the performances of filters.

These last few years, some topologies have been devel oped
by considering this philosophy [26]-{29].

In this paper, we also adopt this philosophy to design new
resonators and devel op atopology of filterswhich allowsthein-
dependent control of the rejected bands by adding transmission
zeros as well as the centered bandpass. To design such specific
filters, we investigated basic resonators that show a dual-fre-
quency behavior in the bandpass and in the stopband regions
[30]. However, the quarter-wavelength inverters are preserved
in order to allow the application of the slope parameter method,
and thus to develop an exact, general and analytical synthesis.

Such dual-behavior resonators (DBRs) are realized by associ-
ating two different parallel open-ended stubs. Each stub brings
its own transmission zero depending on its fundamental reso-
nant condition. At the same time, this original association can
be transparent within a given operating frequency bandwidth
once the stubs have been properly connected under constructive
recombination criteria. This will result in a bandpass response
created between the above-mentioned lower and upper rejected
bands.

According to the number of available parameters and the
initial behavior of each stub, this DBR allows an independent
control of each interesting frequency band of the response,
i.e., the center frequency bandpass and the attenuated bands.
The frequency response of an nth-order filter (composed of
n fundamental resonators) presents the following:

 n polesin the operating bandwidth;
* n transmission zerosin the lower attenuated band;
 n transmission zeros in the upper attenuated band.

In Section I, we will develop the basic equations relating
to this generic structure in order to propose a practical syn-
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Fig. 1. DBR: the basic resonant structure.

thesis for designing the filter. The synthesis will establish a
correspondence between the physical parameters of the res-
onators (characteristic impedances, lengths, and geometrical
segmentation) and the electric characteristics of the ideal filter
(centra frequency, bandwidth, and transmission zeros).

Depending on the number of variables and the numerical
difficultiesfor solving theseanal ytical equations, simplifications
can then be proposed and lead to an easier and practica
synthesis procedure. These simplifications imply a frequency
dependence of the two transmission zeros associated with
each elementary resonator and, then, impose constraints on
the electrical response. This is discussed in Section Il1.

Neverthel ess, despite the number of variables—or tuning pa
rameters—that is consequently decreased, the numerous possi-
bilities still presented by the structures can be used efficiently.
This is illustrated via different examples corresponding to a
second-order filter. Finally, experimental validations of the pro-
posed concept are given by means of a microstrip technology
implementation.

I1. BAsIC IDEA: THE DBR

The generic structure (see Fig. 1) can be described as a par-
allel association of two different bandstop structures of equiva-
lent input impedances Z,; and Z,.. Obviously, the impedance
of the whole structure is defined as

Zs1Zs2
L= """ 1
Zs1+ Zso @)

This equation shows that the stub association has no incidence
on the frequencies of the transmission zeros that always appear
when Z = 0, i.e, when Z,; = 0 or Z,» = 0. The individual
incidence of each bandstop structure is then preserved. Never-
theless, a bandpass can be created when the equivalent input
impedances Z,; and Z,- have the same modulus, but become
out-of-phase. Indeed, in this case, the total impedance Z tends
toward infinity.

The electrical response of a classical open-ended stub con-
nected to a 50-2 transmission lineis presented in Fig. 2 over a
wide frequency range. The transmission zeros of such a struc-
ture appear at frequencies for which the length L of the stub
corresponds to an odd multiple of A\p/4 (L = (2k 4+ 1)Ao/4),
assuming apropagation medium equivalent to air. A geometrical
decomposition of this stub into two cascaded transmission lines
with different characteristic impedances may be considered in
order to modify such atransmission zero location. This can be
done with or without changing the overall stub length.
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Fig. 2. Electrical response of a classical open-ended stub. (a) Broad-band
frequency response. (b) Zoom-in for narrow-band characteristics.

Here, we focus on the first transmission zero control (see
Fig. 2) for which the frequency shift can be positive or negative
according to the impedance ratio I’

= Zﬁrst section line (2)

Zsecond section line
where Zﬁrst section line and Zsecond section line A€ the char-
acteristic impedances of the stub transmission line sections
located near the Tee-junction and the open-ended extremity,
respectively.

If I' < 1(IV > 1), then the frequency associated with the
transmission zero increases (decreases) asillustrated in Fig. 3.
(Fig. 4). These two basic resonant structures can be connected
in paralel. Thedifferent characteristicimpedance valuesaswell
as their equivalent electrical lengths can be adjusted so as to
ensure a constructive recombination at agiven frequency £,,. In
the two examples presented here, the lengths [ of the different
section lines were chosen equal to L/2, where L is the length
of the corresponding uniform stub whose response is presented
inFig. 2.

Asdepictedin Fig. 5, the structureis equivalent to abandpass
filter at F,,, whereastransmission zeros still have an independent
behavior on each side of the bandpass. The number of variables
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Fig. 3. Stepped impedance stub with I' < 1. (a) Idea transmission-line
scheme. (b) Electrical response.
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Fig. 4. Stepped impedance stub with IV > 1. (a) ldea transmission-line
scheme. (b) Electrical response.
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Fig. 5. DBR structure. (a) |dea transmission-line scheme. (b) Electrical
response.
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available here (characteristic impedances 7y, Z,, Z3, and Z4
and electrical lengths Iy, I2, I3, and l4) can be used efficiently
for controlling independently the center frequency £, and the
transmission zero frequencies, i.e., the out-of-band rejections,
in accordance with ().

This structure can, therefore, be considered as the generic
element of a new class of bandpass filters with improved
out-of-band response. For an nth order bandpass filter (nth
DBRs), n poles are obtained within the operating bandwidth,
whereas n transmission zeros can be independently placed in
the lower undesired frequency band aswell asin the upper one.

The electrical principles now being well established, we im-
plemented suitable analytical formulations to identifying the
physical parameters of this new topology with the filter basic
electrical specifications.

IIl. SYNTHESIS

A. General Formulation

As shown above, for an nth-order filter, agiven transmission
zeroisclearly related to one of its 2n constituting stubs, i.e., one
of then DBRs. Itslocation can be calculated by considering the
equivalent input impedances Zs; and Z s of these stubsfor one
DBR (see Fig. 6).
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Fig. 6. Equivalent input impedances Z; and Z..

In order to simplify future expressions, the lengths of the sec-
tionlinesareall assumed equal to . Zs; and Zs» can bewritten
as follows:

ZSl ,ZQ ZQ tan2 (9) — Z1
— = =j ©)
ZO ZO (ZQ + Zl) tan (9)
ZSQ _é Z4 tan2 (9) — Z3 (4)
Zo " Zo (Zi+ Z3)tan(0)

where 8 isthe electrical length of each section line of the DBR

27 F
=

0

L. (5)

F, ¢y, and Z, are the frequency, the speed of light in vacuum,
and the reference impedance, respectively.

One of these equivalent input impedances hasto be set to zero
(parallel short circuit conditions) to obtain a transmission zero.
This leads to the following equations:

A

tan? (6;) ~Z (6)
Z
tan2 (92) :i (7)
where

g, = kilo, ®)
co

g, = kLo, ©)
co

and Iy, ki Fy, and ko Iy are the central frequency and the fre-
quenciesof thefirst and second transmission zeros, respectively.

Then, the condition of constructive recombination has to be
simultaneously recovered at F, as

Zsi+ Zs2 =0. (10)
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So, the electrical length of each section can be expressed ac-
cording to its characteristic impedances at Fy

tan? (6p) = Z1Zoy (Zs+ Zs) + Z3Zs (Zy + Zy)
VT B2+ 2+ B2+ Zo)
Finally, the bandwidth around #,, can be determined by calcu-

|ating the slope parameter of the DBR structure. Thisisachieved
by deriving the susceptance B(w)

(11)

_ w0 9B (W)

T2 Bw (12)

wo
where w is the pulsation and wy is the central pulsation corre-

sponding to Fp.
Asthe total admittance of the DBR is defined by

Y Z Zs
Z0< 1+ 2)

i 13
YO ZSIZSQ ( )

we can express B(w) and 9B(w)/dw with the following
equations:

Y1 _ P
B(w) —Im{?o} = 0 (14)
9B (w) _ P(wo)Q(wo) — Pwo)Q'(wo)
o Qo) )
according to (10) at the frequency F, we obtain
Pwp)=0 (16)
and consequently
OB (w)| _ P'(wo)
o |, = Oy a7
In this equation P’ (wp) and Q(wy) are expressed by
Pwo) = Zc_(;l (14 tan” (60)) [R+ S (wo)] (18)
and
- ZQ tan2 (90) — Z1 Z4 tan2 (90) — Z3
Qlwo) = =222 (Z + Z1) tan (60) (Zs + Z3) tan (90219)
where
_ 73 Z3
)t o) 20
. 1 Z2Z1 Z4Z3
5 (wo) Ctan?(6y) [(Z2+ Z1)  (Za+ Zg):| - (@)

Despite the simplifications already adopted (reference length
[ for all sections), the analytical equations remain complex and
are not really convenient for direct synthesis. New hypotheses
are, therefore, necessary in order to obtain convenient and flex-
ible synthesis formulas.

B. Accessing to Smplified Design Equations

Several simplificationsare possible according to the topology
of the DBR and to its humerous parameters.
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Fig. 8. Frequency responses of two simplified DBR. I" = 0.701 and T" =
0.391.

1) Assumption and Proposed Solution: For one DBR struc-
ture, thetransmission zero frequencies depend uponthel”, I ra-
tiosasprevioudy explained. Anintuitive simplificationinvolves
identifying I and T, assuming

1
"= =.
r

(22)

Consequently, two parallel stubs constituting one DBR use
identical characteristicimpedancevalues, with ageometrical in-
version with respect to the Tee-junction with the input—output
feeding line. Thisisillustrated in Fig. 7. This leads to the fol-
lowing relations between characteristic impedances. Z, = Z;
and Z3 = 7, that greatly simplify (18)—(21). On the other hand,
such a simplification has some incidence on the synthesis flex-
ibility as the equation system becomes underdetermined. If the
central frequency and the associated bandwidth remain inde-
pendent (fundamental filter requirements), the lower and upper
transmission zeros become frequency-dependent (see Fig. 8).

Consequently, the two attenuated bands on each side of the
bandpass cannot be defined and imposed independently.

2) Smplified DBR: Design Equations: Accordingto (6) and
(7) for asimplified elementary DBR, the equations relative to
the transmission zeros are defined as follows:

ZQ tan2 (91) =Z1
Z1 ta112 (92) IZQ.

(23)
(24)

The length I of the section lines can be derived with respect to
the following parameters Fy, k1, and k2 as

Co
l=—7i7—. 25
4F0 (k1 + ko) (29
Equation (11) can be summarized as
2717
2 _ 142
tan“(fp) = iz (26)

The transmission zero dependence can be expressed as are-
lation between k- and k1. The combination of (23) to (26) leads
to the relation

cos <g) =/2sin (%) 27
where
§=ky—Fk (28)
and
o =ky+ks. (29)

One can choose or impose agiven value for the sum ¢, and then
calculate the difference value 6 via (27) which leads to

20 . T
6= ?ATCCOS (\/ism (%)) .
Then, once 6 and o have been defined, parameters &; and k-, are
easily determined.
k1 and k5 being now well-defined, theimpedances Z; and Z,
can a'so be determined. By using (23) and (26), tan? 6, can be
expressed as follows:

(30)

2tan? 6,
1+tant6;’

By substituting (23) and (31) into (18)—(21), P’ (wo) and Q{wo)
become

tan?(6p) = (31)

P’ (wo) :ZoizzZ [1 4 tan® 61 ] (32
Co
2
Z22 9 (1 — tan? 91)
="~ tan“f;~——m 33
@ (wo) 2 o 1+ tan*6; (33)

By using (12) which defines the sope parameter b, the
impedance Z, can be expressed as follows:

Zy (ta112 0y + 1) (ta114 0 + 1) T
Zy tan? 6 (1 — tan? 91)2 (k1 + k2) b

(34)

3) Filter: Design Equations. These DBRs can now be mod-
eled by their equivalent slope parameter b. A classical formalism
can beused to synthesize an nth-order filter [31]. Theresonators
being defined by aproper b; coefficient, the designer hasjust to
calculate the characteristic impedances Z; ;1 of the quarter
wavel ength admittance inverters defined as follows:

Zcj,j+1 1

= 35
Zo i1 (39)
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where
Gy by -w
Jor = ,a—l (36)
wy - go - g1
w b; - b,'+1
Jj 1 =y | 37
wry g5 Gi+1
Gb -b,, - w
Jpmi1 = = (38)

w?[ *On t Ont1

In these formulas, the coefficients g, are the Tchebyscheff
coefficients of the equivalent low-pass filter prototype and de-
fine the bandwidth ondulation. The parameters«} isthe cut-off
frequency of the low-pass prototype and G, and G, arethe ter-
minating conductances of the circuit. Finally, w isdefined asthe
fractional bandwidth.

As we use an admittance inverter, the b; coefficients can be
used as a dimensionless constant. In this way, a tuning param-
eter isthusintroduced. This parameter can be chosen arbitrarily,
mostly depending on the achievable characteristic impedance
values of the technology in use.

The synthesis development is now complete and can be
employed to design an nth-order filter with two frequency-
dependent attenuated bands presenting 2n transmission zeros.

IV. SECOND-ORDER FILTER THEORETICAL RESPONSES

In this section, we discuss the numerous possibilities of this
new class of bandpass filter via several examples. A second-
order filter (Iy = 4 GHz) is synthesized, with a0.01-dB ripple
and a 4% relative bandwidth. By modifying the values of the
transmission zero frequencies, successive comparisons are pro-
posed to highlight the great flexibility of the suggested design.
Ideal transmission lines are considered for thefilter scheme (see
Fig. 9), neglecting losses and discontinuity effects.

For each simulation, the different electrical parameters of
the filter (characteristic impedances, inverters, and resonators
lengths) are presented with the associated electrical response.
The particular frequency parameters k;; and k;» associated with
each ith DBR are also given.

A. Symmetric Filter

The first simulation shows the electrical response of a
symmetric filter. Indeed, the transmission zeros implied by
DBRs 1 and 2 appear at the same lower and upper frequencies:
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Fig. 10. Electrical response of a second-order symmetric filter.

ki1Io = ko1 Iy = 0.831F, = 3.32 GHz for the lower transmis-
sion zeros and k12 Fp = koo Fg = 1.365F, = 5.46 GHz for the
upper transmission zeros. The electrical response is presented
in Fig. 10.

This kind of “symmetric” filter contributes to improving the
out-of-band rejection levels (double transmission zero at dis-
crete frequencies). As a comparison, a third-order filter based
upon classical topologies would have been required to obtain an
equivalent rejection level. Asymmetric solutions alow the con-
trol of attenuated frequency bands by properly separating the
transmission zeros.

B. Asymmetric Filters

The location of the transmission zeros can be gradually mod-
ified and thus alows one to control the width of the attenuated
bands while maintaining the desired operating bandwidth. Two
examples are presented below.

Only the second DBR is modified at first (Fig. 11) with re-
spect to the previous symmetric configuration. Its transmission
zeros are chosen as follows:

ko1 Fo =0.867Fy = 3.47 GHz (lower transmission zero)
koo Fy =1.228Fy = 4.91 GHz (lower transmission zero).

Asexpected, two doubl e transmission zeros appear withinthe
two attenuated frequency bands. Additional transmission zeros
can be considered by either similarly modifying the first DBR
conditions or increasing the order of the filter.

The width of the rejected bands can be also broadened by
spacing the transmission zeros' location by choosing higher
values for the § parameters of each DBR. In the following
example (see Fig. 12), the attenuated bandwidth is extended in
this way. The frequency parameters are defined as follows:

1t DBR : k1 Fo =0.781F, = 3.12 GHz
k1o Fy =1.714F, = 6.85 GHz.

2nd DBR : kot Fy =0.83F, = 3.32 GHz
koo Fy =1.385F = 5.46 GHz.
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Fig. 11. Electrica response of a second-order asymmetric filter.
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Fig. 12. Electrical response of a second-order asymmetric filter.

The associated response is presented in Fig. 12 and shows
wider attenuated frequency bands compared to the previous
case.

As shown in these three examples, for a given central
operating bandwidth the proposed synthesis all owsindependent
control of the attenuated bands. However, as the zeros of each
single resonator are frequency-dependent further to design
simplifications, the attenuated bands are dependent as well.
This also results in weak dynamics on the tunable frequency
range of the lower attenuated band. Therefore, compromises
may sometimes be chosen in order to improve one rejected
frequency band with respect to the other one.

V. EXPERIMENTAL RESULTS

In order to validate the design principles stated previoudly,
two microstrip filters were designed on a classical substrate
(thickness h = 635 pm, relative permittivity «,, = 10, and
tand = 2.1073). They were defined with equivalent relative

1 mm 10

h=0.635 mm

0.17 mm

21 mm

Fig. 13. Layout of a second-order microstrip filter.

bandwidth (4%) and central frequency (4 GHz). Thisrelatively
low frequency F,, was chosen to minimize discontinuity effects
(parasitic influence and CAD model accuracy). Thefilterswere
designed using a circuit ssimulator (Agilent ADS) based upon
conventional transmission-line description and standard discon-
tinuity models. Metallic and dielectric losseswere taken into ac-
count in the simulation.

Fig. 13 givesthe layout of a second-order filter. Asthisfilter
is symmetrical, its theoretical electrical response presents two
double zeros at 3.37 and 5.66 GHz.

Theoretical and experimental responses are presented in
Fig. 14. They show correct agreement over the measured
frequency range. The experimental central frequency and the
two transmission zeros appear at 3.73, 3.2, and 5.55 GHz,
respectively. The discrepancy between the two responses can
be attributed to several factors. 1) the lack of accuracy of
asymmetric cross junction discontinuity models and 2) the
strong dispersion of the effective characteristics of the substrate
(epsilon value and thickness).

The layout presented in Fig. 15 shows a fifth-order filter,
which is nonsymmetric in terms of transmission zeros. It,
therefore, induces two double transmission zeros at 4.57 and
5.14 GHz and a single transmission zero at 4.9 GHz. The
corresponding zeros in the low-frequency region are located
around 3.4 GHz.

Theoretical and experimental responses are presented in
Fig. 16. Good agreement is observed over a wide frequency
range from 1 to 8 GHz. Rejections of about —150 and —45 dB
are reached in theory and experimentally, respectively. Like in
the previous exampl e, the difference between the two responses
results from the same factors. In this case, the frequency
shift is less important because the dispersion of the effective
characteristics of the substrate (epsilon value and thickness) is
lower than in the previous case.

V1. STRONG AND WEAK POINTS

The special feature of thistopology isits use of the construc-
tive recombination induced by two different shunt stubsasareal
bandpass. This fact implies certain advantages in comparison
with classical topologies.

One of the main distinctive features of this kind of filter
is that it presents a narrow bandpass by using stubs instead
of coupled lines. Indeed, as this bandpass is induced by a
constructive recombination between two transmission zeros,
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Fig. 14. Experimental and simulated electrical response of the second-order

microstrip filter. (a8) Broad-band frequency response. (b) Zoom-in for
narrow-band characteristics.
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Fig. 15. Layout of afifth-order microstrip filter.

the fractional bandwidth is very narrow. For example, by both
using a classical aumina substrate (thickness 4 = 635 or
254 pum, relative permittivity e, = 10, tané = 2.10~%) and
considering a microstrip implementation, filters that present
a fractional bandwidth of about a few percent up to 20% are
achievable. Therefore, seeing that the DBR filters have the
same achievable fractional bandwidth as coupled line filters,
the two solutions need comparison.

The first strong point of this topology is obvioudly the pos-
sibility of placing transmission zeros at prescribed frequencies.
Indeed, these transmission zeros lead to a reduction of thefilter
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Fig. 16. Experimental and simulated electrical response of the fifth-order
microstrip filter. (a) Broad-band frequency response. (b) Zoom-in for
narrow-band characteristics.

order by considering a fixed rejection and so reduce the losses
of the whole structure. Compared to the traditional coupled line
topology, significant improvements are noted. In particular, it
allows one to control both the bandwidth and the width of the
attenuated bands.

The second advantage concerns the problems of packaging.
Indeed, as no coupling phenomenon is used to synthesize the
DBR filters, the influence of metallic cover isvery low.

In this paper, we presented a specific example with stepped
impedance stubs, but other solutions leading to different fre-
guency responses can aso be studied. For instance, according
to the nature of the stubs, one can improve the rejection on only
one side of the bandpass or obtain symmetrical attenuated bands
on each side of the bandpass.

However, this structure displays an important weak point.
Indeed, by considering that the constructive recombination is
placed between the intrinsic resonance of each different stub,
the spurious resonances are closer to the bandpass than coupled
linefilters. One way to control this spurious resonance involves
integrating alow-pass [32] and a high-pass structure in each el-
ement of the filter while keeping its global size.
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VI1l. CONCLUSION

This paper reports on a new class of filter based on DBRs.
The frequency response of such a resonator is comparable
to that of a first-order filter with an additiona transmission
zero on each side of the central bandwidth. The use of these
resonators significantly increases the out-of-band rejection once
the transmission zeros have been properly placed to create and
control the width of two attenuated bands. A global synthesis
was written and simplification procedures proposed so as to
easily extract fundamental filter parametersand dimensions. The
design principles as well as the DBR performances have been
discussed and validated through theoretical and experimental
comparisons.

Some additional effort needsto be madein order to take into
account possible parasitic coupling between adjacent DBRs. If
thispoint isnot aproblem, here, according to the el ectrical spec-
ification of the chosen filter and of the dielectric substrate char-
acterigtics, i.e., thickness and dielectric constant, it can become
very important in other cases. Consequently, it should not be
neglected and we are presently working on it.

Our second aim is to define a new DBR together with the
associated synthesisthat would lead to acompleteindependence
of the two transmission zeros and pole.
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