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Filter With Composite Series and Shunt Resonators
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Abstract—1In this paper, a wideband bandpass filter with
composite series and shunt resonators is proposed together with
a direct synthesis and design theory. The filter configuration can
provide transmission zeros (TZs) on both sides of the passband.
Two types of composite shunt resonators are introduced; one
provides extra controllable TZs in the far stopband, whereas the
other not only produces close-to-band TZs, but also high-order
TZs in the far stopband in planar realization. The composite
series resonator is realized by a high-impedance transmission
line in shunt with a lumped capacitor. By introducing legitimate
wideband circuit model approximations for the basic circuit
blocks, a mixed lumped/distributed element version of the
proposed filter is realized and experimentally verified. Design
flexibility of circuit topology and spurious resonance suppression
using TZs is discussed. Two design examples of the fifth-order
and ninth-order filter prototypes are synthesized, designed, and
measured, demonstrating the effectiveness of the synthesis and
design theory as well as the superior performance of the proposed
filter configuration.

Index Terms—Bandpass filter, composite resonators,
microstrip, mixed lumped/distributed (MLD) element circuit,
synthesis, transmission zeros (TZs), wideband filter.

I. INTRODUCTION

OWADAYS, there is an inevitable trend in integrating

multiple functional radio components working in differ-
ent frequency bands into one system module such as active
antenna systems for base stations. To accommodate multiple
frequency bands cost-effectively while providing sufficient
rejection between them, multiple high-order bandpass filters
are bundled into one integrated passive component that is
then affixed by a wideband bandpass filter with a steep skirt
selectivity and a wide and deep rejection stopband to suppress
out-of-band interference and noise, which may occur in both
lower and higher frequency bands.

As an intensively studied topic, various wideband bandpass
filters have been proposed in the literature. Some of them
use the optimum distributed high-pass filter structure [1],
the cascaded low-pass/high-pass filters [2], [3], multiple-mode
resonators [4], and ring resonators [S]-[7]. To enhance skirt
selectivity and extend the stopband with deep rejection,
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transmission zeros (TZs) are commonly introduced. The
existing approaches to introduce TZs for a wideband
filter can be categorized as: 1) exploiting I/O cross
couplings [8]; 2) using two transmission paths to achieve
signal cancellation [9]-[11]; and 3) introducing short circuits
at designated TZ frequencies to the main signal line of a
filter [12]-[15]. Although many of these reported methods
are effective for certain applications, only a few of them are
equipped by a systematic synthesis and design theory that
allows an optimal and deterministic design of a wideband
filter with a widest stopband possible.

In the literature, there are many techniques proposed to
extend the stopband of a bandpass filter. One of them is to
shift spurious resonances to higher frequencies using stepped
impedance resonators (SIRs) [16]. Another technique is to use
dissimilar resonators having the same fundamental resonant
frequency but different spurious resonances [17], [18]. Two
popular ways to control spurious resonances of different
resonators are: 1) by varying the characteristic impedances
or lengths of high- and low-impedance sections of SIRs [17]
and 2) adding stubs to the main resonators [18]. Other
techniques include wusing periodic nonuniform coupled
microstrip lines [19], coupling control at unwanted resonant
frequency [20], and so on. When passband bandwidth
increases, suppression of spurious resonances will be
challenging as couplings among spurious resonances are
strong. In [11], [12], and [15], multiple TZs can be tactically
designated to achieve a wide upper stopband. The uniform
connecting lines are replaced with SIRs to suppress the
harmonic passbands of the filter in [21]. In [22], a combination
of techniques for harmonic suppression is used to design a
wideband filter, but the design heavily relies on the iterative
EM simulations. Note that there are no TZs in the lower
stopband in [11] and [15], which may limit their applications
if a symmetrical bandpass response or a steep skirt selectivity
at lower band edge is required. Though TZs are presented on
both sides of the passband in [12], they are not independently
controllable and the stopband rejection is only around 15 dB.

In this paper, a wideband bandpass filter that is composed of
composite series and shunt resonators, as depicted in Fig. 1,
is proposed. The unique feature of this filter that is distinct
from that in [15] is the incorporation of composite series
resonators for producing TZs below the passband, providing
a full flexibility in arranging TZs on both upper and lower
stopbands.

With the above-mentioned feature, the proposed wide-
band filter is able to provide a steep skirt selectivity at
two band edges. In addition, an iterative procedure of adjusting
TZs for spurious suppression is proposed, contributing to a
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high rejection level over a very wide upper stopband. With
the circuit approximations introduced in [15] and two new
approximations of shunt resonators for producing TZs in the
far upper stopband and series resonators for TZs in the lower
band, the mixed lumped/distributed (MLD) element circuit of
the proposed filter can be directly synthesized and designed.
The design process incorporates two steps: first, the lumped
element surrogate circuit shown in Fig. 1(b) is exactly syn-
thesized from specifications; then, the lumped element circuit
is converted into the MLD element circuit on the basis of
the circuit approximations in a wide frequency range for each
basic circuit block.

This paper is organized as follows. The relative position
between the TZ and transmission pole frequency for both
composite series and shunt resonators is first demonstrated in
Section II. In Section III, the synthesis theory of the lumped
element circuit that is composed of both composite series and
shunt resonators is discussed, from the filtering function to
circuit model extraction. In Section IV, the approximations of
shunt resonators for producing TZs in the far upper stopband
and series resonators are introduced and verified. In Section V,
the conversion process is elaborated from the synthesized
lumped element circuit to a physically realizable MLD element
circuit. Section VI discusses the design flexibility in a lumped
element circuit topology, specifically, the benefits of removing
the shunt inductors from the composite shunt resonators at the
I/O ports. In Section VII, the method to suppress spurious
resonances using TZs is thoroughly discussed through an
example. Section VIII presents two practical design examples,
demonstrating the synthesis and design theory and the attrac-
tive features of the proposed filter.

II. COMPOSITE SERIES AND SHUNT RESONATORS

To introduce TZs below the passband, composite series
resonators are used here. For a composite series resonator as
shown in Fig. 2(a), the TZ is produced when the LC tank

Proposed Nth-order wideband filter with composite series and shunt resonators. (a) MLD circuit schematic and (b) its lumped element circuit

(a) (b)

Fig. 2. Lumped element circuit model of (a) composite series resonator
and (b) composite shunt resonator.

resonates. The TZ frequency f, can be expressed as
1

TN, L.C,’
When the whole composite series resonator resonates, a short

circuit is introduced between the two ends, contributing to a
transmission pole. The pole frequency f, can be found as

1 L,
=—— 1+
Ir 27 /L,C, L;

By comparing (1) with (2), it can conclude that f, > f,
i.e., the TZ is located below the passband. Similarly, the com-
posite shunt resonator as shown in Fig. 2(b) produces a
transmission pole when the whole resonator resonates and a
TZ when the LC series circuit resonates. The TZ frequency
can be written in the same form as (1), and the pole frequency
in the following form:

o

fz ey

)

1

T2t /L, + LG,

It is obvious that f, < f; holds for the composite shunt
resonator.

It is worth mentioning that the joint use of the composite
series resonator and the composite shunt resonator in the filter
configuration in Fig. 1(b) provides a new design option for
wideband filters and has never been studied.

3)
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Fig. 3.  Circuit configurations equivalent to the original lumped element
circuit (a) dc and (b) infinity.

III. SYNTHESIS OF LUMPED ELEMENT CIRCUIT

For the lumped element circuit in Fig. 1(b), the reflection
and transmission coefficients of the filter can be expressed as

S = F So1 = P

n=g =g
where E, F, and P are real polynomials with the complex
frequency variable s = jw, and ¢ is the ripple factor.
The square magnitude of transmission coefficient can also be

expressed as

“)

15211 = :
T T+ (eFy)?

where Fy is the filtering function and is related to F and P
by

(5)

(6)

To determine attributes of Fx, one can check the number of
TZs located at finite nonzero frequencies, dc and infinity. The
finite TZs are produced by either parallel connected LC series
circuits or serially connected LC tanks, and they are all on
the imaginary axis of the complex s-plane. The total number
of finite TZs is N. The number of TZs at dc is the number
of remaining elements after replacing all the inductors except
shunt ones with short circuits and all the capacitors except
series ones on the mainline with open circuits [23]. Similarly,
the number of TZs at infinity is the number of remaining
elements after replacing all the inductors except series ones
on the main line with open circuits and all the capacitors
except shunt ones with short circuits. As shown in Fig. 3,
the circuit configurations that are equivalent to the original
circuit in Fig. 1(b) at dc and infinity have an inductor alone.
Therefore, there is one TZ at dc and one TZ at infinity.
Since the finite TZs s;; and that at dc are the roots of P,
the factorized form of Pcan be expressed as

N
P = poniis [[ (52 = s2) @)

i=1
where s;; = jz;. As there is one TZ at infinity, the degree of F
should be one order higher than that of P. Having understood
the basic attributes of P and F, the rational expression of
filtering function for the lumped element circuit in Fig. 1(b)
can be constructed as

sV s+t fist o+ fo

p2N+]S2N+1 + pzNilsszl + .4 p3s3 + PlSl
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where coefficients fy through foy+1 and pp through pony1
are real. Assuming that the roots of F are either on the
imaginary axis of the s-plane or symmetrically located about
the imaginary axis. Then, F must be an even polynomial
and (8) can be simplified to

P24 s 4 s+ fo
Pon+182NFL 4 poy 12NVl oo pasd 4 pyst’

©)

It can be verified that the lumped element circuit in Fig. 1(b)
possesses the property of

Fy =

S11ls=j0

=-1 (10)

St1ls=joo
from which the existence of nonimaginary roots of F' can be
justified.

Equation (9) shares the same form of the filtering function
with that proposed in [24] and used in [15] recently. Therefore,
the same filtering function construction procedure can be used
for the proposed lumped element circuit in Fig. 1(b), as is
briefly given as follows:

N
Fn(w) = cosh (cosh1 (F1(w)) + z cosh™ ! (f; (a)))) (11)

=2
where
Fi(0) = g0 F11(0) = eo(Tor (@) f11(0) + G (w)) (12)
w? + w1
_ 13
o) = o ol (3
o Ti(w) = 1/Ti(zi)
S = ey G (19
_ # 2 2 2
Ti(w) = P 20 — (o] + 3)) (15)
2/(@F = ) (@3 — ) (@ — o) (@ — 03)
G(o) = — — (16)
(@1 + o) (03 — 7)ol (0? - z7)
Tot(w) = To(w)|w1 = w1, @2 = Wy
fir(@) = fi(w)|or = o, w2 = wy (17)
Gi(w) = G(w)|w = w11, @ = wy

where w; and w, are the lower and upper angular band
edges, respectively. The prescribed TZs are denoted as z;,
and the rejection factor o is used to adjust the out-of-band
rejection for the given passband and TZs z;. With chosen &,
the intermediate frequencies w; and wy; can be calculated by
the criteria [24]

Fi(w1) = eoFi1(w1) = =1 Fi(wn) =eoFi(wm) =1. (18)

It is worth mentioning that ¢p is always associated with zp,
and thus, z; should be designated for a given set of TZs.
In fact, the filtering function is different even for the same &
if the associated z; is different. To make the circuit shown
in Fig. 1(b) realizable and its approximation accurate, a small
value of g is chosen in design examples. From the filtering
function, the polynomials E, F, and P are first obtained, and
then used to calculate the overall ABCD matrix of the filter.
Following the circuit synthesis approach described in [15],
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Fig. 4. Four basic circuit extraction operations. (a) Extraction of a series

inductor and parallel connected LC series circuit. (b) Extraction of a shunt
inductor and a serially connected LC tank. (c) Extraction of a shunt inductor.
(d) Extraction of a series inductor and an ideal transformer.

circuit elements can be sequentially extracted from the ABCD
matrix. Note that the arrangement of TZs is not unique but
needs to be determined beforehand.

Fig. 4 illustrates four basic circuit extraction operations:
1) extracting a series inductor and a parallel connected
LC series circuit; 2) extracting a shunt inductor and a serially
connected LC tank; 3) extracting a shunt inductor L ,n_1);
and 4) extracting the remainder circuit consisting of a series
inductor L;(y11) and an ideal transformer with ratio 1: n;.
In Fig. 4(a) and (b), the denominator polynomials P; and P
are related by

P = (S2 —Sz)Pr

- (19)
where s;; is the TZ assigned to the combination circuit of
series L,; and C,;. In Fig. 4(c), the following relation can be

obtained:

P =sP,. (20)
For the circuit in Fig. 4(a), element values can be found by
B .
Ly = i) 1)
52i Din(s2i)
Szi Brn(szi) 2
Ly, = m Cri = _l/(sZiLri) (22)
where
Bin —sLsyiD
By, =~ Raln, (23)
55— 85

For the configuration in Fig. 4(b), element values can be
found as

B .
Ly = —2iala)_ (24)
82i D1 (2i)
— B, (s.:
Ly = 0wt o —1/(s%Lri) (25)

SZSiDrn (52i)
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where

1 Bin
=—— | Dy, — . 26
For the circuit in Fig. 4(c), the shunt inductance L 1)

contributes to the TZ at dc and can be extracted by

Lyiv—1) = —Ar(0)/C1,(0) (27)
where
A = A1n/s. (28)
The circuit elements in Fig. 4(d) can be extracted as
1 Afr Bfr
= L =7 29
n A {(N+1) . (29)

The entire extraction procedure for the circuit shown
in Fig. 1(b) can be summarized as follows:

1) extracting L1, Ly1, and C,; with (21)—(23);

2) extracting L;2, Ly, and Cyo with (21)—(23);

3) extracting L2, Ly3, and C,3 with (24)—(26);

4) extracting L3, Ly4, and Crq4 with (21)—(23);

5) repeating the extraction of Fig. 4(a) and (b) alternatively
until the parallel connected LC series circuit before
extracting Lp(n—1);

6) extracting L ,(y—1) with (27) and (28);

7) extracting L;y, Lyn, and C,y with (21)—(23);

8) finally, the extraction procedure ends up at extracting
L(n+1y and n; using (29).

Note that, even though the ideal transformer is not present
in Fig. 1(b), it will generally be extracted with a nonunit
transforming ratio. The transforming ratio n; represents the
degree of asymmetry of the filter circuit realization and is
equal to unit if the filter circuit is symmetrical. As will be
shown in design examples, n; is close to unit due to the
asymmetry.

IV. APPROXIMATION OF BASIC CIRCUIT ELEMENTS

In order to convert the synthesized lumped element circuit
into an MLD element circuit, an approximation of each basic
circuit element and resonator in Fig. 1(b) must be introduced
in a broadband sense. Since the approximations of coupling
inductors L1, L;2, LN, Li(n+1), and shunt resonators for
producing close-to-band TZs are readily available in [15], only
two new approximations need to be introduced here.

A. Approximation of Composite Shunt
Resonator for Faraway TZ

As shown in Fig. 5, the composite shunt resonator consists
of a parallel connected series LC and a shunt capacitor.
Usually, the series LC circuit has a small inductance but a
large capacitance as the produced TZ is in the far upper
stopband, and the shunt capacitor that is originated from the
coupling inductors is with negative shunt capacitance. The
negative shunt capacitor will be absorbed by the series LC
in the approximate circuit. The approximate circuit element
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values can be obtained by equating the input admittances of the
two circuits in Fig. 5 at the band edges frequencies w; and w>

. joC, . wC,

c - r_ , w=o,o. (30
I e - Tz wne @ oo G0
For example, when L, = 0.19 nH, C, = 2.71 pF, and

C;, = —0.31 pF, choosing f| = 1.5 GHz and f, = 2.5 GHz,
the calculated results are L, = 0.24 nH and C, = 2.40 pF. The
input admittances versus frequency are compared between the
original circuit and its approximate circuit, as shown in Fig. 6.
It can be seen that although the TZ shifts a little downward by
the approximation, the admittances of the two models agree
very well in the passband. The approximate circuit can be
realized by a radial stub in a distributed circuit.

B. Approximation of Composite Series Resonator

As illustrated in Fig. 7(a), the composite series resonator
consisting of an LC tank in series with an inductor can be
approximated by a composite circuit that consists of a high-
impedance transmission line (HITL) parallel connected with
a capacitor C in series with an inductor L, and two shunt
capacitors to the ground on both sides. The capacitor C can
be realized by a surface mounted device chip capacitor, and
inductor L represents a combination of parasitic inductor of
the chip capacitor and the two short lines connecting the chip
capacitor to the HITL. The number k represents the ratio of the
electrical length of a partial HITL that is in parallel with the
series LC circuit to the total electrical length of the HITL. The
approximation is carried out at center frequency fy of filter
as well as the TZ frequency, at which the following equation
holds:

1

C =
WL + . Z, sin(Gk0))

€19

W; = —F———.
‘ L,C,
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Fig. 7. (a) Composite series resonator and its MLD element approximation.
(b) Even-mode bisected circuit. (¢c) Odd-mode bisected circuit.

The even-/odd-mode bisected circuits of a composite
series resonator and their approximate circuits are shown
in Fig. 7(b) and (c), respectively. The following equations
can be obtained by equating their input admittances for even-/
odd-mode case, respectively:

woCp = =Y, tan(0,/2) (32)
1 — }L:C,
wSLrCr% - a)o% - wo%
= woCp

2ayC k 1—k
—22C - _cot | 46, ) + tan ( 1520
v, (1-a3LC) (2 r) ( 2

- kg )
()7

Substituting (31) and (32) into (33), and designating Z,, 6,
and L, the ratio k can be found by solving (33). Then,
C and C, can be calculated using (31) and (32), respec-
tively. For example, for L, = 1.756 nH, L, = 2.871 nH,
C, = 6.127 pF, and fy = 2 GHz, choosing Z, as 100 Q,
with fixed 6, = 35° at fp, kK and C can be plotted against L
in Fig. 8(a). Alternatively, by fixing L = 1.1 nH, different
k and C values can be obtained for different choices of 6,,
as shown in Fig. 8(b). It can be seen that there exists a
wide range of capacitance values to choose from by changing
L or O,. Therefore, one can always choose a capacitance
value available for a chip capacitor. Fixing L = 1.1 nH and
choosing different 6, values, the responses of composite series
resonator and its approximate circuits are compared in Fig. 9.
It can be observed that 6, = 35° is optimal for the minimal
response deviation. Generally, to minimize the approximation
error, a high Z, and the optimal 8, should be chosen, leaving L
as the only design freedom. To make sure C is available
by a chip capacitor, L should be appropriately designated.

+Y,
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Note that, the shunt capacitor Cp, is negatively valued and
will be absorbed into the adjacent composite shunt resonators.

V. CONVERSION OF LUMPED CIRCUIT TO MLD CIRCUIT

With the new approximations and those available in [15],
the lumped element circuit in Fig. 1(b) can be systematically
converted into the MLD element circuit in Fig. 1(a). As illus-
trated in Fig. 10, the conversion process can be summarized
as follows.

1) The I/O coupling inductors L;; and L;(y1) are approx-
imated by a piece of short transmission line cascaded
to an ideal transformer and a shunt capacitor. The
characteristic impedances Z;1 and Z;(y41)are chosen,
such that the concerned transformers at the two ports
share the same transforming ratio ny [15].

2) Then, the two identical symmetrically positioned trans-
formers at the I/O ports could be shifted inward until
they are next to each other. The two transformers can
cancel out and all the lumped elements that are passed
through by one of the transformers are scaled by a factor
of n%

3) The interresonator coupling inductors L, Ly, and
composite series resonators are then replaced by their
approximate circuits.

4) Finally, all the composite shunt resonators are replaced
by their approximate circuits.

Following the conversion process, a certain level of devi-

ation between responses of the lumped and MLD element
circuits will be inevitably introduced. The major deviation
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within the passband is due to the approximations of coupling
inductors L1, L2, Lin, Ly(v+1), and composite series res-
onators. It can be found that the larger the inductances of
coupling inductors and composite series resonators possess,
the less accurate the two approximations are. To make sure
these two approximations are accurate in a wide frequency
range, a small value of ¢y should be chosen so that those
synthesized inductances in the lumped element circuit are
small.

VI. CIRcUIT TOPOLOGIES

With the constructed filtering function according to the
given specifications, the topology of the lumped element
circuit in Fig. 1(b) is not unique, particularly the first and
the last composite shunt resonators. As shown in Fig. 11,
a fifth-order filter centered at fy = 2 GHz with 50% frac-
tional bandwidth (FBW) is taken as an illustrative example.
In Fig. 11(a), shunt inductors L, and L5 are presented in
the first and the last composite shunt resonators, respectively.
Consequently, approximate circuits for these two resonators
are the same as those for the other composite shunt resonators
for producing close-to-band TZs, as depicted in Fig. 11(b).
To obtain the lumped element circuit in Fig. 11(a), the ele-
ment extraction procedure will be slightly different from that
discussed in Section III. In the extraction, it is enforced that
Lp1 = Lps. It is assumed that the in-band return loss is 20 dB
and five TZs are arranged at 7, 2.7, 1.2, 2.7, and 6 GHz,
counting from ports 1 to 2 or left to right in the filter circuit.
The rejection factor &g is set to 2 with the associated TZ at
2.7 GHz. Impedances of connecting lines and series resonators
are set to 100 Q. As shown in Fig. 12(a), with different values
of Lp1, element values of the lumped element circuit and its
corresponding MLD element circuit are varied. The electrical
lengths of shunt resonators are chosen to be 60° at fj, whereas
electrical length of the series resonator is optimally chosen.
As L1 increases, both L7 and L,3 decreases. The decrease of
L > leads to a smaller Z,>. As can be observed in Fig. 12(b),
Zy is linearly related to L,; approximately. A similar linear
relation also exists between L,y and Z,,. Moreover, smaller
L,3 allows a shorter electrical length of a series resonator,
thereby pushing the spurious resonances away from the pass-
band. This effect can be further demonstrated in Fig. 13.

Having understood the advantages of having large
Ly and Lps, it is suggested that these two inductors are
completely removed from the first and the last composite
shunt resonators. There are two major benefits of removing
the two-shunt inductors from the composite shunt resonators
next to the two ports: 1) resulting smaller shunt inductors in
the rest of composite shunt resonators and 2) having shorter
electrical lengths in composite series resonators thus pushing
further away spurious resonances. The former is especially
important for large bandwidth filters, as they generally require
large shunt inductances.

VII. SPURIOUS RESONANCE SUPPRESSION USING TZs

To suppress the spurious resonances and to extend the
stopband with a high rejection level, the TZs in the far



LI AND WU: DIRECT SYNTHESIS AND DESIGN OF WIDEBAND BANDPASS FILTER

g

Port 1

B

=,
o
|q_._"_l’wl‘d_ |

iz “ T

-1

[=]

=
=
= Y
I.___‘_)___.l

3795

Zy.By F==) Zyyay Givay

z o | =
ﬁ]alfa.-.'a.,..- 'L"'% !
IC- |
1557
|
|

Port 2
l < N-1) 1 |
I

Fig. 10. Circuit in different stages of the conversion process. (a) Synthesized lumped element circuit. (b) Circuit after I/O coupling inductors approximated.
(c) Circuit after lumped elements scaled. (d) Circuit after interresonator coupling inductors and composite series resonators approximated. (e) Final MLD

element circuit after composite shunt resonators approximated.

stopband and electrical lengths of composite shunt resonators
need to be appropriately designated. It is noteworthy that
the electrical lengths of composite shunt resonators not only
affect the spurious resonances but also high-order TZs. To
illustrate how these factors affect the stopband performance,
two different modifications to the example in Section VI
are considered here. The first modification is to reassign the
two far TZs at 4 GHz with other designations unchanged.
The second modification is that the electrical lengths of
composite shunt resonators, i.e., 6,7 and 6,4 are changed from
60° and 60° to 33° and 68°, respectively. Responses of the two
modified MLD element circuits and that of the original one
are shown in Fig. 14. In the range of 5-10 GHz, both original
circuit and the first modified circuit have three spurious peaks,
of which the first one and other two are caused by the
composite series resonator and shunt resonators, respectively.
In contrast, the second modified circuit has only two spurious
peaks in that range, because its second composite shunt
resonator has a much shorter electrical length 6,,. With the first
modification, the double TZs around 4 GHz are missaligned

with the spurious resonances and fail to provide any sup-
pression of spurious resonances. With far TZs assigned at
6 and 7 GHz, the original circuit achieves much better spurious
suppression but still suffers from the relatively poor rejection
around 8.4 GHz.

To further improve the rejection, the second modification
is adopted by altering 6,2 and 6,4. Here, 6,5 is first reduced
by half so that only one spurious peak exists in the range
of 8—10 GHz. Then, 6,, and 6,4 are finely tuned so that the first
high-order TZ produced by the fourth resonator cancels out
the second spurious resonance. As shown in Fig. 14, the two
narrow spurious peaks are still present after the second mod-
ification applied. Ideally, the spurious peaks can be perfectly
suppressed with delicately assigned far TZs and designated
electrical lengths of composite shunt resonators. However,
the perfect suppression is unnecessary as those narrow spikes
will be diluted due to finite Q values of resonators.

Considering spurious resonance suppression, a general syn-
thesis and design procedure of the proposed wideband filter
can be illustrated in Fig. 15. Since the spurious resonances
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Fig. 11. Fifth-order filter with
shunt resonators. (a) Lumped
approximate circuit.
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shunt inductors included in all the composite
element circuit and (b) its MLD element
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Fig. 12.  Element values for different values of Lpj. (a) Lp2 and L,3.
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Fig. 13. Transmission responses of MLD element circuits for different values

of L.

are not known beforehand until the MLD element circuit of
filter is obtained, the far TZs are aimlessly designated in
the beginning. But after the first iteration of synthesis, their
location can be almost determined. To achieve a satisfactory
stopband performance, the procedure may take several itera-
tions of fine tuning the far TZs and adjusting the electrical
lengths of composite shunt resonators.

VIII. DESIGN EXAMPLES

Two design examples are given here. The first one is the
fifth-order wideband filter using the second modification as

Fig. 14.

Fig. 15.
BW and RL denote bandwidth and return loss, respectively.

— Original

--------- 1st modification

- - - 2nd modification
1

. ! . i
0 2 4 6 8 10 12
Frequency (GHz)

Response comparison among the original designed circuit and

two modified circuits.
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Flowchart of synthesis and design procedure of the filter.

TABLE I

CIRCUIT ELEMENT VALUES OF LUMPED ELEMENT
CIRCUIT FOR EXAMPLE 1

Li (nH) Ly: (nH) L; (nH) Cri (pF) n
L=2.111 L.=0204 C,=2.536
Lo=2.072 B L~1.880 C,=1.849
L:=1.880 ?]:'ZEE Ls=3.073 Cr=5.725 1.019
Ls=2.011 P L.+~1873 Cr=1.855
Li=1.962 L0283 C,5=2.486
TABLE I1

CIRCUIT ELEMENT VALUES OF MLD CIRCUIT FOR EXAMPLE 1

Ze(Q) | 6:C)@fo| Zn(Q) |6:()@fo] C:i(pF) | Li(nH) ki
B B C=2.407

;’I; igg Z’fji'zg Z:=7784 | 6:=33 | C=1.533 | L,=0.237 | k=0.4033
Z“=100 9"; 1366 | 2100 [ 6535 | C=3.558 | Ls=1.100 | ks=0.8023
© T Z=4834 | 6268 | C=0.642 | 15=0.332 | ke=0.3122

Z6=92.9 | Gi=14.86 G234

discussed in Section VII. The element values of the lumped

and MLD element circuit are listed in Tables I and II, respec-
tively. The lumped element circuit is slightly asymmetrical and
the extracted transforming ratio n; is very close to unit, thus
allowing the ideal transformer to be ignored. The responses of
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Fig. 16. Response comparison of the fifth-order filter in (a) passband and

(b) broad frequency range.

the lumped and MLD element circuits are compared in Fig. 16.
It shows that the responses agree well in the passband and
have some frequency shift of far TZs in the upper stopband
as expected. As discussed in Section VI, a TZ at 1.2 GHz and
two TZs at 2.7 GHz are placed near to the passband to enhance
the skirt selectivity. Two far TZs are assigned at 6 and 7 GHz,
respectively, providing suppression of the first spurious res-
onance. By adjusting electrical lengths of composite shunt
resonators that provide close-to-band TZs, the second spurious
resonance is suppressed by the first high-order TZ from the
fourth resonator. To implement the designed filter, the Rogers
Duroid 5880 substrate with a relative permittivity of 2.2 and
a thickness of 0.508 mm is used. The lumped capacitor C3 in
the series resonator is a 0402 3.6-pF chip capacitor.

With known characteristic impedances and electrical lengths
of transmission lines, the widths and lengths of connecting
lines and stubs can be determined. The tapping positions
and dimensions of radial stubs are designed for each com-
posite shunt resonator by matching the responses of their
electromagnetic (EM) models and circuit models. The EM
simulation is carried out in a commercial full-wave simulator,
Ansys HFSS. In a similar way, the dimensions of a series
resonator can be determined. The initial layout design of
the filter can be obtained by simply cascading all designed
resonators and connecting lines. Considering the parasitic
couplings among adjacent resonators, a fine adjustment of
dimensions is necessary to optimize the initial layout design.
Note that the parasitic couplings among adjacent transmission
lines are stronger if the used substrate is thicker. In such case,
the dimensional adjustment could be relatively larger.

The final layout and the photograph of the fabricated filter
are shown in Fig. 17. Table III shows the initial layout dimen-
sions and optimized dimensional adjustments in parentheses.
The small adjustments validate the direct synthesis and design
theory. As can be seen from Fig. 18, the simulated and
measured responses agree well with each other, except for
some mismatch around the upper band edge due to losses.
The matching can be further improved by fine tuning the
dimensions. The measured insertion loss is 0.54 dB at the
center frequency of 2 GHz. In the upper stopband, an overall
rejection of 37 dB is achieved up to 11 GHz (5.5 fp). The
stopband performance has been well predicted by the MLD
circuit simulation as shown in Fig. 16(b), from which the
stopband can be extended to 11.8 GHz with 37-dB rejection.
The skirt selectivity of the filter at upper band edge is higher
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(®)

Fig. 17. (a) Layout. (b) Fabricated fifth-order filter.

TABLE III
FILTER INITIAL DIMENSIONS AND ADJUSTMENTS FOR EXAMPLE 1 (mm)

wo =140 _ o
w033 568 (-0.12) "0
w2 =033 o ’ 17=4.62 (+0.55) rr=6.6 i
- [2=3.99 (+0.12) 7 ar=52.7°
w3 =0.69 - Is=4.51 =74 -
B 15=4.23 B (+0.6°)
we=0.33 _ 19=5.39(-038) | ;;=49 _ o
110 ls=2.12 I 445 (-046) | as=52.7
::-J —033 |BT13A4(049) ]M: 462(+095) | 2 (+4.4°)
e Is=5.69 (+0.45) | 11707 - as= 45.0°
wr =0.39 (+0.99)
wg =1.50 )
o
Z
a
B
2
—— S11, Meas.
i ——S21, Meas.
_80 1 1 Vo 1 1
0 2 4 6 8 10 12
Frequency (GHz)
Fig. 18. Simulated versus measured responses of the fifth-order filter.

than that at lower band edge, because there are a double TZ
at 2.7 GHz but a single TZ at 1.2 GHz. At the lower band
edge, the skirt selectivity can be further enhanced by placing
the lower band TZ closer to the passband.

The second design example is a ninth-order wideband filter
with center frequency at 2 GHz, FBW = 100% and 20 dB in-
band return loss. Following the synthesis and design procedure
in Fig. 15, nine TZs are optimally arranged at 8.5, 6, 0.89, 3.3,
0.89, 3.3, 0.89, 7, and 8 GHz, for the resonators counting from
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(b)
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L. L, I, Ly Lo

Fig. 19. Ninth-order wideband filter with all circuit parameters shown. (a) Lumped element circuit. (b) MLD element circuit.

TABLE IV

CIRCUIT ELEMENT VALUES OF LUMPED ELEMENT
CIRCUIT FOR EXAMPLE 2

L (nH) Lyi (nH) Lri (nH) Cri (pF) e
L=0.2182 Cr=1.607
Le=0.395 L=0.2031 Cr=3.464
L=2.660 L+=3.805 C=8.405
=4.085
Li=2.109 ?2:: gi ) L~1.59 Crm1.457
Li=1.616 Lﬂ%ss; Lis=4.755 C,5=6.726 1.003
L2155 Lp:3A980 L1599 Cr=1.455
L5=2.703 P L,=3.816 C7=8.380
Luo=0.365 Lys=0.1399 Cr5=3.694
L,=0.2501 Cr=1.583
TABLE V
CIRCUIT ELEMENT VALUES OF MLD ELEMENT CIRCUIT FOR EXAMPLE 2
Zi(Q) |0:Q@fh| Z:(Q) |0:)@fh| C:i@F) L; (nH) i
C=1.435
Z,=69.73 | 6.=45 | c=2.709 £2=0.9320
_ B Z:=100 | 643 | C=5.538 | £,=0.270 | k=0.7919
?:138 Z”j';ig 79830 [ 6.=50 | C,=0.684 | L;=1.100 | k=0.5436
Z’f 100 0’27 logo | 2100 | 6=47 | C5=4.690 | Ls=1100 | 5=0.8917
Z’f924 9%—2 qaq | 271030 [ 847 | C=0.724 | L7=1.100 | k505522
S Z=100 | 6,43 | C=5.574 | Lo=0312 | k=0.7854
Z5=54.70 | 6,555 | cs=2.752 £5=0.9485
Co=1.405
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* 1
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Fig. 20. Response comparison of the ninth-order filter in (a) passband and
(b) broad frequency range.

left to right. The close-to-band TZs are placed at 0.89 and
3.3 GHz to achieve a steep skirt selectivity. The rejection
factor ¢o is set to 1.1 for the associated TZ at 3.3 GHz.
Referring to Fig. 19, all circuit parameters are shown, and their
values for the lumped and MLD element circuits are listed
in Tables IV and V, respectively. The responses of lumped
and MLD element circuits are compared in Fig. 20. As shown

(b)

Fig. 21. (a) Filter layout. (b) Photograph of the ninth-order filter.

in Fig. 20(b), the stopband can be extended to 18 GHz (9 fp)
with approximate 40-dB rejection. The substrate used and the
way to design the layout dimensions are the same as those
used in the first design example. A 5.6-pF chip capacitor
is used to realize C3 and C7, and a 4.7-pF chip capacitor
is used to realize Cs. All chip capacitors are of 0402 sizes.
Fig. 21 shows the layout and the photograph of the fabricated
filter prototype. Table VI shows the initial layout dimensions
and optimized dimensional adjustments. The simulated and
measured responses are compared in Fig. 22. The measured
insertion loss is about 0.57 dB at the center frequency of
2 GHz. In the upper stopband, a high rejection of 40 dB is
achieved up to 14 GHz (7fp). The same rejection level is
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TABLE VI
FILTER INITIAL DIMENSIONS AND ADJUSTMENTS FOR EXAMPLE 2 (mm)

wo = 1.40
h=12.54
w033 0 =555 o) fu=s74 a;=109.8°
wy =0.77 - 1;,=5.55 1 =5.49 = o
=033 13=2.12 RS 1=5. a=118.6
e 7,=2.49 s 2 =740 (-5.29
ws =0.35 _ 1:4~15.89 (-0.05) | . _ _ o

_ 75=4.86 73 =490 | o3=577
ws =0.33 _ I5=7.65(037) | . _ s

B Is=6.28 _ =490 | 0=63.6
we =031 _ Ii5=6.16 (-1.48) _ i .

_ ;=651 (+1.11) _ 7s=740 | as=1212
wy =033 2 17=4.73 (-0.7) .

_ Ig=2.12 _ 75 =35.50 (-2.39)
ws =120 =253 115 = 6.48 (-1.50) e 106.6°
wo =0.33 e I10=8.00 (+0.29) o

_ 110=3.86
wip=1.50

[S11] & |S21] (dB)

—— S11, Meas.
S21, Meas.

-100 I 1 1 I 1 I I I
0 2 4 6 8 10 12 14 16 18 20

Frequency (GHz)

Fig. 22. Simulated versus measured responses of the ninth-order filter.
TABLE VII

COMPARISON WITH SOME PREVIOUS WIDEBAND FILTERS
WITH SUPPRESSION OF SPURIOUS RESONANCES

Ref | Ordern | fo(GHz) | FBW (%) | Stopband limit | -2 Desigu
both sides? method
[ 0.64 110 6.7/ (20 dB) No Opt./Tun.
[12] 4 56 ) 2.6 (15 dB) Yes Opt./Tun.
[15] 8 2 50 4.5 f6.(40 dB) No Syn.
[21] 5 62 97 3.2(30 dB) No Opt./Tun.
122] 6 1 42 5.6 /o (50 dB) No Opt./Tun.
This work 5 2 50 5.5/0 (37 dB) Yes Syn.
This work 9 2 100 7 fo(40 dB) Yes Syn.

Opt. — optimization; Tun. — tuning: Syn. — synthesis.

observed in the lower stopband. Note that the measured band-
width of the upper stopband is narrower than that predicted
in Fig. 20(b) due to the discrepancy between the MLD circuit
model and the physical realization at the ultra-high frequency.
This gap can be reduced by a fine tuning.

In practical applications, the filters may be required to be
enclosed by a metal housing for EM shielding. To suppress the
resonant modes of the housing, an absorbent material attached
to the inside surfaces is usually necessary. It has been verified
by experiments that after suppressing the housing resonances,
the stopband performance of the two designed filters is almost
the same as that of the filters being measured in an open space.

A comparison of the designed filters in this paper and
other recently published wideband bandpass filters concerning
suppression of spurious resonances is made in Table VII.
As can be seen, the filters in this paper are obviously superior
to other designs in exhibiting a higher rejection level over a
wider stopband. Though the designed filter in [22] achieves a
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rejection level of 50 dB up to 5.6 fp, there are no TZs on the
lower side of the passband. Moreover, only [15] and this paper
provide a direct synthesis and design procedure to determine
circuit parameters systematically according to specifications.

IX. CONCLUSION

In this paper, a wideband bandpass filter composed of
composite series and shunt resonators is proposed. Close-to-
band TZs can be placed on both sides of the passband to
enhance the skirt selectivity, whereas the far TZs can be used
to suppress spurious resonances. With the proposed direct
synthesis and design theory, the MLD element circuit model
can be directly synthesized and the layout of filters can be
directly designed. Through several iterations of reassigning
far TZs and adjusting electrical lengths of shunt resonators,
a wide stopband with a high rejection level can be achieved.
Due to the presence of close-to-band TZs on both sides, a high
and symmetrical skirt selectivity can be achieved. A very
small dimensional adjustment in optimized layout validates
the effectiveness of the synthesis and design theory. It is under
investigation to realize the proposed filter configuration in a
nonplanar form. It can be expected that the filter configuration
and the design theory can find a wide range of applications in
the industry.
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